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Introduction
The experiments described in this thesis relate to the recently
emerging and rapidly growing field of spin electronics or spin-
tronics. This area of study allies electronics and magnetism. It
uses the spin of the electron to obtain new proporties or func-
tions. These developments concern a new type of non-volatile
memories. In contrast, conventional electronics is based on the
use of an electric field to act on the charge of electrons. The elec-
tronic spin gives rise to the magnetism of solids, but also provides
a means to influence the electrons by a magnetic field. Thus, in
ferromagnetic (FM) materials, the motion of an electron depends
on its spin orientation with respect to local magnetization. This
gives rise to interesting new effects to the field of spintronics.
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Figure 1: Schematic illus-
tration of a magnetic tunnel
junction.
Spintronic effects occur on a length scale in which spin is con-
served, called the spin diffusion length, which is of the order of
a few nanometers. Another milestone in the spintronic was the
observation of the tunnel magnetoresistance effect in magnetic
tunnel junctions which have a thin layer of an insulating mate-
rial sandwich between two FM materials as shown in Fig. 1. The
dielectric reliability of the insulating layer is a major reliability
concern in spintronic devices. Currently, the understanding of
materials, physics, and reliability at the nano, or atomic, level is
vital to the proper design and manufacturing of these devices.
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1.1 Spintronics: Historical overview
Spintronics is a novel research field involving the study of active
control and manipulation of spins in solid state systems1. The1 S. A. Wolf et al., Sci-
ence 294, 1488 (2001); I. Zutic
et al., Rev. Mod. Phys. 76, 323
(2004); and P. Seneor et al.,
J. Phys.: Condens. Matter 19,
165222 (2007)
emerging spintronics technology may offer higher density of in-
tegration, nonvolatility, faster operating speed and lower power
consumption compared to traditional semiconductor technology.
Until now, the most significant success in spintronics was achieved
in high capacity hard disk drives, particularly, in continuing ad-
vances in read head sensor technology. The spintronic effect that
played a primary role in their success is known as giant magne-
toresistance (GMR). It was first reported in 1988 by two European
research groups independently: one led by2 Albert Fert in France2 M. N. Baibich et al., Phys.
Rev. Lett. 61, 2472 (1988) and the other by3 Peter Grünberg in Germany. The discovery of
3 G. Binasch et al., Phys. Rev.
B 39, 4828 (1989) GMR promptly triggered marvelous research efforts on magneto-
electric multilayers and devices. The physics behind today’s fast
expansion of spin electronics has also been known for quite some
time. The cornerstone is the ’two currents’ conduction concept
proposed by Mott4 and used by Fert and Campbell5 to explain4 N. Mott, Adv. Phys. 13, 325
(1964)
5 A. Fert et al., Phys. Rev. Lett.
21, 1190 (1968)
specific behaviours in the conductivity of the ferromagnetic met-
als such as Fe, Ni, Co and their alloys. Historically, advances
in magnetoelectric devices have been attributed to new discov-
eries and evolutionary improvements in magnetoresistance (MR).
A sensing device with a higher MR ratio can detect weaker and
smaller signals. This is key to higher capacity and performance.
In 1990, materials exhibiting GMR over a range of 5−20% at low
fields (spin valve) were developed to make ultrasensitive magnetic
field sensors. They came into use in computer hard drive (HDD)
read heads in 1998, thus marking the first industrial application
of spintronic components. Currently, the principal application of
spintronic devices is magnetic data storage, with an information
density growth rate faster than that corresponding to Moore law6.
6 from the introduction of
GMR read-heads in 1997 to
2007 a 17 month doubling of
data storage density was reg-
istered, increasing from ap-
proximately 1 to 600 Gbit/in2
Another milestone in spintronics was the observation of the tun-
nel magnetoresistance (TMR) effects in magnetic tunnel junctions
at room temperature. The effect was first observed in 1975 by
a French scientist, Michel Jullière, at low temperatures in semi-
conducting magnetic junctions based on Germanium7. However,
7 M. Julliere, Phys. Lett. 54A,
225 (1975)
interest in tunnel junctions really took off only after 1995 when
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tunnel magnetoresistance was observed at room temperature in
alumina-based amorphous junctions, which displayed magnetore-
sistance amplitudes of up to 81%8. As the TMR ratio exceeded 8 H. X. Wei et al., J. Appl.
Phys. 101, 09B501 (2007)the GMR ratio, HDD companies began developing TMR based
read heads. In 2004, Seagate Technology announced the first HDD
product equipped with TMR read heads (utilizing TiOx as a tun-
nel barrier). Now, many HDD products incorporate TMR read
heads with AlOx, or MgO as a tunnel barrier. However, the TMR
ratio applied to this first generation MRAM is not high enough
for next-generation applications. Much higher TMR ratios are re-
quired to achieve higher densities and faster data sensing, par-
ticularly when the MTJs are integrated into leading silicon tech-
nologies. To realize the next generation HDD drive with density
greater than 1000Gb/inch2, enormous progress has been made
in the materials used to make the tunnel barrier. Thanks to re-
cent progress in ultra-thin film science and engineering, a more
promising barrier material (MgO) has been discovered and has
advanced quickly, now poised for the next generation spintronic
applications.
1.1.1 Evolution of TMR effect in magnetic tunneling junctions
Tunnel magnetoresistance has a history longer than GMR. This
subsection provides an overview of the evolution of TMR in MTJs.
The MTJ is a multilayered thin film structure, composed of a
stacked inner hard ferromagnet, followed by an insulator and
completed by an outer soft ferromagnet or vice versa. As dis-
cussed in previous subsections, the first ever realised MTJ was a
Fe/Ge/Co hybrid heterostructure. Subsequently the use of amor-
phous alumina (Al2O3) allowed it to achieve much higher TMR
at room temperature(RT). Many groups have steadily improved
the properties of Al-O-barrier MTJs since these first RT demon-
strations. The TMR ratio monotonically increased year by year
and reaching a maximum amplitude of about 81% in 2007, as
shown in Fig. 2. During the process of increasing the TMR ratio,
theoretical studies on spin dependent tunneling on MTJs found
that the TMR ration became much higher than that predicted by
Jullière’s phenomenological model when the tunneling was co-
12
herent9. For perfectly ordered (001) oriented Fe/MgO/Fe MTJ,9 W. H. Butler et al., Phys.
Rev. B 63, 054416 (2001) the first principle calculation predicted that the TMR ratio could
reach several 1,000%. This stimulated tremendous activity in the
experimental investigation of electronic and magnetic properties
of MgO based MTJs. Immediately following their predictions,
Bowen et al.10 were the first to obtain a relatively high MR ratio in10 M. Bowen et al., Appl.
Phys. Lett. 79, 1655 (2001) Fe(001)/MgO(001)/Fe(001) MTJs at RT (30%), but the room tem-
perature MR ratios obtained in MgO-based MTJs did not exceed
the highest obtained in Al-O-based MTJs. The main difficulty at
this early stage of experimental attempts was the fabrication of an
ideal interface structure. It was experimentally observed that Fe
atoms at the Fe(001)/MgO(001) interface were easily oxidized11.11 H. L. Meyerheim et al.,
Phys. Rev. Lett 2001, 076102
(87)
Theoretically, it was found that when there were excess oxygen
atoms in the interfacial Fe monolayer, the Fe states do not couple
with the respective MgO states effectively. This prevents coherent
tunneling of respective states and significantly reduces the MR ra-
tio. Thus, coherent tunneling is very sensitive to the structure of
barrier/electrode interfaces. Oxidation of even a monolayer at the
interface significantly suppresses the TMR effect. Later on this
problem was resolved using an ultrahigh vacuum thin film depo-
sition system.
Figure 2: History of improve-
ment in MR ratio with differ-
ent ferromagnetic electrodes
at room temperature (RT).
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After a number of initial efforts to observe the enormous selec-
tivity of the wave function symmetry in epitaxial junctions, two
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breakthroughs were reported. One for epitaxial (001)-oriented
Fe/MgO/Fe junctions12 and the other for highly-textured sput- 12 S. Yuasa et al., Nat. Mater
3, 863 (2004)tered Co-Fe / MgO / Co-Fe13, showing TMR ratios of 180 and
13 S. S. P. Parkin et al., Nat.
Mater. 3, 862 (2004)220% respectively, thereby substantially exceeding the magnetore-
sistance of AlOx based devices. Since then, the TMR reported for
MgO based MTJs has steadily improved, in particular by using
ternary Co-Fe-B alloys as ferromagnetic electrodes (see Fig.2)14. It 14 D. D. Djayaprawira et al.,
Appl. Phys. Lett. 86, 092502
(2005)
is believed that high-quality MgO can be adequately stabilized be-
tween the as grown, amorphous Co-Fe-B electrodes, which, after
annealing at temperature of almost 400o C, crystallize in the re-
quired bcc structure and are found to produce even higher TMR
values by sputtering deposition at RT.
Currently, MTJs with an MgO barrier and Co-Fe-B electrodes
are the most promising candidates for high density MRAM, be-
cause they have very high TMR ratios, probably because of the
spin filtering effect originally predicted for fully epitexial Fe/MgO/Fe
junctions. By far, the highest TMR ratios were reported by S. Ikeda
et al.15 (604% at room temperature and 1,144% at 5 K) in pseudo- 15 S. Ikeda et al., Appl. Phys.
Lett. 93, 082508 (2008)spin valve MTJs. These MTJs are of great importance not only
for device applications but also for clarifying the physics of spin-
dependent tunneling. This is the subject of the present thesis.
1.1.2 Applications
The principal application of spintronic devices is magnetic data
storage. Data sensing, or storage capacity of spintronic devices,
link with magnetoresistance at room temperature. AMR devices
having an MR effect of 1-2% at RT were used in the read head
of HDD in the beginning. However, this application was to be
short lived as in 1997 it was unseated by spin valve technology
(low-field giant magnetoresistance). GMR spin-valve devices have
MR ratios of 5-15% at RT and were used in the read heads of
HDDs. This new read/write head was more sensitive than the
AMR head used in many hard drives, despite the emergence of
tunnel magnetoresistance (TMR) heads. In the next phase, Al-O-
based MTJs had MR ratios of 20-70% at RT and have been used
not only in HDD read heads but also in MRAM cells.
MgO-based MTJs have MR ratios of 150-600% at RT and are
14
expected to be used in various spintronic devices such as HDD
read heads, spin-transfer MRAM cells16 and novel microwave de-
16 J. Slonczewski, J. Magn.
and Magn. Mater. 159, L1
(1996)
vices17. An overview of the application of spintronic devices is
17 A. A. Tulapurkar et al., Na-
ture 438, 339 (2005)
given in Fig. 3
Figure 3: History and fu-
ture prospects of MR ratio
at room temperature and ap-
plictions of MR effect in spin-
tronic devices. The Image
taken from Yuasa et al. [J.
Phys. D: Appl. Phys. 40, 337
(2007).].
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1.2 This thesis
This thesis presents work conducted over the last three years. It
covers several aspects of magneto-transport properties in Co-Fe-
B/MgO/Co-Fe-B magnetic tunnel junction. The aim of this thesis
was twofold. First, it was to investigate the dielectric reliability of
MTJs under voltage stress. Since these MTJs are expected to be
used in spin-transfer MRAM cells, which face several challenges
for commercialization, one in particular relates to the magnetic
switching issue. Recently, useful writing schemes (spin trans-
fer switching) which enhance scalability, have been demonstrated.
Thus, most of the switching schemes require a high current that
flows through the MTJ. As such, the dielectric breakdown of mag-
netic tunnel junctions has become one of the crucial factors for
MTJ-based applications. Second, I investigated the physics of spin
dependent transport for this junction in order to improve the fu-
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ture performance of these devices.
The organization of the thesis is as follows. Chapter 2 pro-
vides an overview of the basic concept needed to understand
the main physical phenomena involved in MTJ operation. Chap-
ter 3 describes the growth of magnetic tunnel junction including
growth techniques used, sample layer stacks, lithography, junc-
tion micro fabrication and characterization techniques. The in-
tent of this chapter is that readers familiar with the deposition
technique utilized be able to follow the complete experiments in
the following chapters. The next chapters focus on specific re-
search topics. Chapter 4 discusses the dielectric breakdown in
MTJs. To better understand the microscopic mechanism of dielec-
tric breakdown, the results has been analyzed in term of various
expression for voltage dependent probability of breakdown. Both
the E and 1/E models proposed in the literature were discussed,
and both were found to yield a good description of the data in
high field range where accelerated tests were performed. Chapter
5 describes the temperature dependence of the tunnel magneto
resistance effect. We have demonstrated that direct spin polar-
ized and magnon-assisted tunneling can explain the bias volt-
age and temperature-dependent transport properties for a bar-
rier thickness of 1.8 nm. When increasing the barrier thickness,
it was found that the results could not be interpreted based on
the magnon assisted tunneling model alone. Instead, thermally or
bias voltage activated additional unpolarized conductance contri-
butions needed to be included. Inelastic processes in these junc-
tions were studied using inelastic electron tunneling spectroscopy
(IETS) measurements, which is the subject of chapter 6.
The appendix includes further details of the mathematical equa-
tions of the breakdown models, a brief overview of the analysis of
temperature dependence in unpolarized conductance in magnetic
tunnel junctions, a list of references, ordered alphabetically by first
author, as well as a list of publications which I have (co-)authored.

2
Spin polarized tunneling: A review
In this chapter a tutorial overview of the fundamental physics be-
hind tunneling, in particular focusing on spin-dependent tunnel-
ing, is presented to provide a coherent background of the experi-
mental work presented. No attempt will be made to be complete
or exhaustive. Instead , the reader is referred to suitable reviews.
2.1 Electron tunneling in thin films system
Electron tunneling is purely a quantum-mechanical phenomenon
in which an electron can pass from one conducting electrode through
an insulating layer into a second conducting electrode. The fact
that an electric current can flow through an insulating layer, a con-
cept forbidden in classical physics, is a direct consequence of the
wave like nature of electrons in the quantum mechanical frame-
work.
x
ψ(x)
ψ(T)
eV
M M
EF
ϕ
X
E
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(b)
Figure 4: Tunneling in
M/I/M junction. (a) Elec-
tron wave function decays
exponentially in the bar-
rier region. (b) diagram of
a M/I/M structure with
applied bias eV.
Generally, the tunneling process is described as a transmission
probability of particles (e.g. electrons passing from one to another
electrode) through a potential barrier (e.g. a thin film of insulating
material like AlOxor MgO).
A simple way to understand how tunneling is possible is by
considering an electron wave which encounters a potential step,
see Fig. 4. Though most of the intensity is reflected at the poten-
tial step, a portion decays exponentially through the barrier. For a
sufficiently thin barrier, some intensity remains on the other side,
and therefore, the electron will have the finite probability of be-
ing found on the other side of barrier. The most straightforward
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realization of this is a metal/ insulator/ metal (M/I/M) trilayer
structure, commonly called tunnel junction.
In most studies, the tunneling phenomenon in M/I/M tunnel
junctions are studied by observing the current (or its derivatives)
as a function of applied voltage across the junction. As an illustra-
tion, an idealized junction has been consider, with an electrode-
barrier system modeled as a step potential (Fig. 4b). Without
the voltage across the junction, the two metals are in equilibrium,
and the Fermi levels will be at the same energies for the two elec-
trodes. When the bias V is applied across the junction, one Fermi
level will be shifted by eV with respect to the other, where e is
the electron charge. The number of electrons tunneling from one
electrode to the other is given by the product of density of states
at a given energy in the left electrode ,ρ1, and the density of states
at the same energy at the right electrodes, ρ2, multiplied by the
square of the matrix elements|M|2. Essentially, this is the proba-
bility of transmission through the barrier. Furthermore, one has to
take into account the probability that the states at the left electrode
are occupied, described by the Fermi-Dirac function f(E), and the
probability that the states at the right are empty, [1-f(E + eV )].
This results in a tunneling current, given by
I1→2 =
∫ ∞
−∞
ρ1(E).ρ2(E + eV).|M|2. f (E)[1− f (E + eV)]dE (1)
One simple way to solve equation 4 has been shown by Sim-
mons18. As an approximation of an arbitrary barrier, he assumed18 J. G. Simmons, J. Appl.
Phys. 34, 1793 (1963) a rectangular energy barrier of mean height. Then, he used a step-
function, i.e. the Fermi-Dirac function at T = 0K, and the WKB
approximation (named after Wenzel-Kramers-Brillouin) to obtain
the matrix elements of |M|2. Simmon’s approach only takes into
account a symmetric M/I/M system with the same material and
density of states on both sides. This simple model was extended
by Brinkman et al.19 describing an asymmetric M/I/M junction19 W. F. Brinkman et al., J.
Appl. Phys. 41, 1915 (1970) by using an additional asymmetry parameter ∆ϕ. Neither of these
models considers the dependence of the transport characteristics
on the electronic density of states (DOS) in the electrodes. How-
ever, the simplified models of Simmons and Brinkman can quali-
tatively describe the experimentally observed I-V characteristics in
spin-dependent tunneling elements at least for small bias voltage.
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2.2 Spin-dependent tunneling
As discussed before, electrons can tunnel through a thin insulator
according to the law of quantum mechanics. Regarding the spin
of these tunneling electrons, it is assumed to be conserved if the
electron tunnels elastically. Spin dependent tunneling becomes
important in the case of magnetic tunnel junctions (MTJs), where
the insulator is sandwiched between two ferromagnets, as shown
in Fig. 5.
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Figure 5: Schematic illustra-
tion of the physics behind
TMR. (a): for parallel aligned
magnetization as sketched in
the left-bottom, electrons at
the Fermi level with spin-up
(↑) and spin-down (↓) are al-
lowed to tunnel from major-
ity to majority bands, and
from minority to minority
bands. (b): when the magne-
tization of the two ferromag-
nets is anti-parallel, tunnel-
ing takes place from majority
to minority and from minori-
tyto majority bands, leading
to a reduction of total tun-
neling current. In terms of
electrical resistance, this cor-
responds to a higher resis-
tance when the magnetiza-
tion of the two layers are op-
positely aligned.
In such a device, the magnitude of the tunneling current de-
pends on the relative orientation of the magnetization of both elec-
trodes. When the magnetization of the two electrodes is aligned
in parallel, a large current flows, while an anti-parallel alignment
of the two electrodes results in a small current.
This can be understood from a few elementary arguments. (i)
The tunneling current is in first order proportional to the product
of the electrode’s density of states at the Fermi level [N(EF )]. (ii)
In a ferromagnet, the ground-state energy bands in the vicinity
of the Fermi level are shifted in energy due to exchange splitting,
yielding unequal majority and minority bands for electrons with
opposite spins. (iii) Assuming spin conservation for the tunnel-
ing electrons, there are two separate currents of spin up and spin
down character. As a result, the current between electrodes with
20
the same magnetization direction should be higher than for oppo-
sitely magnetized electrodes. This is further illustrated in bottom
the panel of Fig. 5. Within this simple Jullière model20, the resis-20 M. Julliere, Phys. Lett. 54A,
225 (1975) tance change is called tunneling magnetoresistance, and is given
by:
TMR =
RAP − RP
RP
=
2P1P2
1− P1P2 (2)
P1,2 is the tunneling spin polarization determined by the rel-
Figure 6: Resistance change
in a magnetic tunnel junction
consisting of Co-Fe-B(1.5 nm)
/ MgO(2.1) / Co-Fe-B(4 nm)
as shown at right. The data
are taken at room tempera-
ture. The arrows at left indi-
cate the orientation of the Co-
Fe-B magnetization.
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ative difference in DOS at the Fermi level (for each electrode).
However, it is important to note that not all electrons present at
the Fermi level can efficiently tunnel through the barrier. This sim-
ple equation is not able to capture the physics behind a number of
observations in MTJs. As we shall see later, the spherically sym-
metric s-like electrons have a much lower DOS at the Fermi level,
and can dominantly tunnel through the barrier. The interface be-
tween the insulating tunnel barrier and the ferromagnets play an
essential role. Nonetheless, this expression clearly demonstrates
the presence of a magnetoresistance effect, and the relevance of
the magnetic character of the electrodes.
An important characteristic marking the presence of magne-
toresistance is the ability to independently manipulate the direc-
tion of the magnetization of the electrodes. In other words, to have
easy access to a parallel or anti-parallel configuration of the two
magnetic electrodes. This can be accomplished by a number of
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methods, although in this thesis two methods are used to change
the hysteresis loop of one magnetic electrode in comparison to the
other. The easiest method is to use two different thicknesses for
the two electrodes [see Fig. 6]. This renders two different coerciv-
ities and switching fields.
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Figure 7: Resistance change
in a magnetic tunnel
junction whose bottom
electrode is pinned by an
anti-ferromagnetic Mn-Ir
layer. The arrows at left
indicate the orientation of
the Co-Fe-B magnetization.
Another method commonly used is to fix or pin the direction
of one of the ferromagnetic layers with an anti-ferromagnet like
Mn-Ir. In this case, the hysteresis loop of the pinned layer shifts
away from zero (see Fig. 7). This allows switching between the
parallel and anti-parallel configuration.
2.3 Modern notions on spin tunneling
We will discuss some of the experiments which shed new light
on the physics of MTJs. As mentioned earlier, no attempt will
be made to be exhaustive. Excellent reviews on Spin tunneling
in magnetic junctions, with a description of recent advances, are
provided by Yuasa et al.21 and Swagten et al.22
21 S. Yuasa et al., J. Phys. D:
Appl. Phys. 40, R337 (2007)
22 H. J. M. Swagten, Spin tun-
neling in magnetic junctions.
(Elsevier, Oxford, UK, Vol.
17, Chap. 1, 2007)
In 1971, Tedrow and Meservey23 reported the first experiments 23 R. Meservey et al., Phys.
Rep. 238, 173 (1994)on spin tunneling. In this case, only one electrode was ferromag-
netic (Ni), the other being a superconductor (Al). They found that
though minority electrons dominate the DOS at the Fermi level of
Ni, majority electrons were tunneling through the thin AlOx bar-
rier. It was later suggested by Hertz and Aoi24 in 1973 and by a 24 J. A. Hertz et al., Phys. Rev.
B 8, 3252 (1973)
22
Sterns25 (1977) that, although the dominant species of electrons at25 M. B. STEARNS, J. Magn.
and Magn. Mater. 5, 167
(1977)
the Fermi level of transition metal ferromagnets were spin-down
d electrons, they did not couple well with the states over the bar-
rier. Instead, highly dispersive s-like electrons had a much larger
overlap integral with states in the barrier. This led to a larger
transmission probability. Moreover, they also realized that the in-
teraction between the s and d-electrons (s-d hybridization) lead to
a suppression of the s-DOS in regions of large d-DOS, which is
also the case at the Fermi level of a 3d transition metal ferromag-
net. Accordingly, this induced a spin polarization of the s-DOS at
the Fermi energy. After these initial experiments, Jullière26 made26 M. Julliere, Phys. Lett. 54A,
225 (1975) the first prediction of a TMR effect. Given these demonstrations
and predictions in spin tunneling, mainly due to technical difficul-
ties, it took almost 25 years to do the first successful experiment
with two ferromagnetic electrodes adjacent to a tunnel barrier. In
all these experiments AlOx was preferred as a barrier material,
primarily since it allowed easy growth of a pin-hole free thin bar-
rier by natural, thermal or plasma oxidation of Al thin films. This
was particularly convenient for the Tedrow and Meservey’s ex-
periments, as they used Al as a superconducting bottom electrode
anyway.
After the demonstration of TMR in MTJs, there were various
attempts to verify the simple equation 2 given by Jullière which
included the spin polarization (P) of the ferromagnetic electrode.
It was found experimentally that the spin polarizations of 3d fer-
romagnetic metals and alloys based on iron (Fe), nickel (Ni) and
cobalt (Co) were always positive and usually between 0 and 0.6
at low temperatures below 4.2K27. The MR ratios estimated from27 R. Meservey et al., Phys.
Rep. 238, 173 (1994); and S. S.
Parkin et al., Proc. IEEE 91,
661 (2003)
Julliere’s model (using these measured P values) agree relatively
well with the MR ratios observed experimentally in MTJs, but the
theoretical values of P obtained from band calculations, however,
do not fully explain the observed MR ratios in these junctions.
Even the signs of P often differ between theoretical values and
experimental results. This discrepancy, one of the most funda-
mental questions with regard to the TMR effect, is discussed in
the following subsection.
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2.3.1 Tunneling through an amorphous barrier
This section elucidates an incoherent tunneling process through
an amorphous barrier with 3d ferromagnetic electrode. Tun-
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Figure 8: Schematic illustra-
tions of electron tunnelling
through (a) an amorphous
barrier and (b) a crystalline
MgO(001) barrier.[adopted
from Ref. 21]
neling in MTJ with AlOx barrier is illustrated schematically in Fig.
8. For these MTJs, Jullière’s model with the spin polarization mea-
sured experimentally yield a maximum TMR of about 100% at low
temperature. An MR ratio of about 81% at RT is therefore close to
the Jullière’s limit for the 3d-ferromagnetic electrodes if a reduc-
tion in P due to thermal spin fluctuations at finite temperatures is
taken into account. While modeling the TMR effect in MTJ, Jul-
lière assumed that the tunneling probabilities were equal for all
Bloch states28 in the electrodes which corresponds to a complete
28 Various Bloch states with
different symmetries of wave
functions exist in the elec-
trode. Because of the tunnel
barrier is amorphous, there is
no crystallographic symme-
try in the tunnel barrier. Due
to this nonsymmetrical struc-
ture, Bloch states with var-
ious symmetries can couple
with evanescent states in Al-
O and therefore have finite
tunneling probabilities. In
3d ferromagnetic metals and
alloys, Bloch states with ∆1
symmetry (spd hybridized
states) usually have a large
positive spin polarization at
EF , whereas Bloch states with
∆2 symmetry (d states) often
have a negative spin polariza-
tion at EF .
incoherence. This assumption is not valid in AlOx based junction.
The spin polarization P obtained from a first principle calculation
of the DOS of the Co and Ni electrode is negative compared to the
P value observed experimentally for these materials when they
form a tunnel junction with Al-O tunnel barrier. This discrepancy
indicates that the tunneling probability in actual MTJs depends on
the symmetry of each Bloch state. The ∆1 Bloch states with larger
P are considered to have higher tunneling probabilities than other
Bloch states. This results in a positive net spin polarization of the
ferromagnetic electrode. Because the other Bloch states, such as
∆2 states (P<0), also contribute to the tunneling current, the net
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spin polarization of the electrode is reduced below 0.6 in the case
of the usual 3d ferromagnetic metals and alloys.
2.3.2 Coherent tunneling
The concept of coherent tunneling is schematically illustrated in
figure 8b. One aspect which is highly unlikely in tunneling through
an amorphous barrier is k|| conservation of the electron wave vec-
tor. On the contrary, in a crystalline barrier, k|| conservation is a
distinct possibility. This also implies that a wave vector selected
at one interface efficiently couples to a corresponding wave vec-
tor at the other interface. Keeping in mind that P is not con-
stant over the whole Fermi surface, and the possibility of coher-
ent tunneling, one may imagine that using a certain electrode-
barrier interface in a certain crystallographic orientation would re-
sult in efficient electron tunneling for wave functions which have
specific symmetries. Among other systems, such coherent spin
tunneling behavior has been theoretically predicted for epitaxial
Fe(001)/MgO(001)/Fe(001), and later, also for other bcc ferromag-
netic electrodes based on Co, and CoFe alloys. In these tunnel
junctions, one describes three kinds of evanescent states ∆1, ∆2,
∆5) which coherently tunnel between the MgO barrier and single
crystalline Fe electrodes [see Figure 929]. The choice for Fe (001)29 W. H. Butler et al., Phys.
Rev. B 63, 054416 (2001) is made on the basis of the fact that the highly dispersive ∆1 is
present at the Fermi level only in the majority spin channel, and
absent in the minority spin channel. Moreover, as shown in Fig-
ure 9, this band has a relatively small attenuation coefficient in
MgO(001), as compared to the ∆5, ∆2/ bands.
In a tunnel junction, these two factors play a key role in deter-
mining the tunnel conductance for the parallel and anti-parallel
configuration. For instance, in the anti-parallel configuration, the
fact that majority ∆1 states efficiently tunnel through the barrier
but cannot couple with the DOS of the other electrode due to the
absence of such a band at the Fermi level. This is shown in Fig. 9.
In the case of bcc Co(001), the situation is even more interesting.
Here, for the majority channel, only the ∆1states lie at the Fermi
level. Therefore, it is theoretically expected that all the states are
completely reflected at k|| =0 in anti-parallel configuration, result-
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Figure 9: (a) Coupling of
wave functions between the
Bloch states in Fe and the
evanescent states in MgO for
the k||=0 direction. (b) Layer-
resolved tunneling DOS for
k|| =0 in Fe(001) / 8 monolay-
ers MgO / Fe(001) for major-
ity electrons when the mag-
netization of the Fe layers is
oriented in parallel. Each
curve is labelled by the sym-
metry of the incident Bloch
state in the left Fe electrode,
showing, for example, the
slow decay of the states with
∆1 symmetry. [adopted from
Ref. 29]
ing in a giant TMR.
2.4 Elastic and inelastic tunneling
The electron tunneling process discussed till now is valid only for
an ideal barrier which has no defects. This is actually not valid
for a real barrier. The barrier contains rather a finite density of de-
fect states, which can significantly affect the tunnel current. Such
defective state occur in oxide barriers and mostly arises due to
oxygen vacancies. To achieve a more precise description of an
electron tunneling through a real junction, the effect of defects
(localized states) on the tunneling current will be described. The
theories for electronic transport over localized states were devel-
oped initially for amorphous silicon and will be applied here for
the MgO used as barrier material. As in the previous section, only
the one-dimensional case will be examined since it models all rel-
evant processes. Localized state (LS) in the barrier can lead to new
current channels such as resonant tunneling or inelastic hopping
via chains of localized states. Different tunneling channels are dis-
tinguished by the number of localized states an electron tunnels
over. Possible elastic and inelastic tunneling channels with an in-
creasing number of localized states are illustrated in Fig. 10. The
total conductance of the tunnel junction consists of the sum of the
individual channel conductance. In the following a brief overview
of the different tunneling channel is presented.
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Figure 10: Possible tunneling
channels in metal/ insola-
tor/metal tunnel junction: (a)
direct tunneling with N=0
localized states; (b) resonant
tunneling with N= 1 local-
ized states; (c) (inelastic) tun-
neling over N>1 localized
states; (d) variable range hop-
ping over "many" localized
states. The red lines repre-
sent the Fermi level. The
colored(Lilac) areas represent
filled electron states in the
metal layers. The Fermi lev-
els of the metals are shifted
with respect to each other
due to an applied voltage V.
(a)
(b)
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2.4.1 Direct tunneling (N=0)
Direct elastic tunneling, where an electron tunnels directly from
one electrode to the other is already discussed in previous sections
of this chapter. This type of tunneling is portrayed in Fig. 10 (a)
and the relation for tunneling current is given by Eq. 1. The
conductivity of this channel depends on the barrier thickness in
an exponential manner30:30 Y. Xu et al., Phys. Rev. B 52,
2843 (1995)
Gdir0 = Ĝ
dir
0 e
−2αd (3)
with α−1 as the localization length. Direct tunneling is the domi-
nant channel in contacts with barriers not much thicker than α−1.
The temperature dependence of Ĝdir0 is rather weak as it derives
from the thermal broadening of the Fermi function of the elec-
trodes31:31 R. Stratton, J. Phys. Chem.
Solids 23, 1177 (1962)
Ĝdir0 = G0(0).
CT
sinCT
(4)
Where C=1.384×10−4 tB√
Φ
with barrier thickness (tB) in Å and the
barrier height Φ in eV.
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2.4.2 Resonant tunneling (N=1)
In resonant tunneling an elastic electron tunnels over one localized
state (see Fig. 10b). The tunneling process is accomplished by an
electron, first tunneling to the localized state and then continuing
to the second electrode. This allows for a much higher barrier
thickness. The highest probability for a tunneling process in this
case is given for a localized state placed in the middle of the bar-
rier at an energy within an intrinsic width from the Fermi level.
Larkin and Matveev32 alleged the resonant tunnel conductivity as 32 A. Larkin et al., Sov. Phys.
JETP 66, 580 (1987)the sum of all resonant tunneling channels over the contact area.
From their calculations and from the barrier thickness dependence
of the resonant conductivity, one can write resonant conductance
as33: 33 Y. Xu et al., Phys. Rev. B 52,
2843 (1995)
Gres =
2pi2e2
h
gSα−1Eoe−αd = Ĝres1 e
−αd (5)
where g is the conductance at absolute zero, S is an area of junc-
tion and Eo is a measure of effective depth of localized state. A
direct consequence of this thickness dependence is the domina-
tion of the resonant tunneling conductivity over direct tunneling
at high barrier thicknesses. Resonant tunneling is independent of
temperature in its first approximation. However, electron-phonon
interaction leads to a small temperature dependent correction 34. 34 L. Glazman et al., Sov.
Phys. JETP 67, 163 (1988)Theoretically, resonant (elastic) tunneling should be possible over
more than one localized state at even higher barrier thicknesses, as
discussed in 35. However, experiments show that inelastic tunnel- 35 A. Larkin et al., Sov. Phys.
JETP 66, 580 (1987)ing created by phonon-assisted hopping prevents these channels
from being observed.
2.4.3 Inelastic hopping conductance (N>1)
If more then one localized state lies in a tunneling barrier, than
it is likely that an electron may tunnel over these localized states.
This multi-step tunneling (hopping) led to a new inelastic trans-
port channel that depends on temperature T, voltage V, and bar-
rier thickness tB. Glazman and Matveev36 proposed a microscopic 36 L. I. Glazman et al., Sov.
Phys. JETP 67, 1276 (1988)model for hopping via N>1 localized state. They showed that
with increasing temperature or bias voltage, the tunnel current
via the inelastic channels increases greatly. This is intuitively ob-
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vious, by increasing T or V; both increase the energy correspond-
ing to localized state and tunneling electron. This will increase
the probability for the formation of inelastic chains. The resulting
conductance due to all possible inelastic conductance channels is
given as:
G(V, T) =
∞
∑
N≥2
GN (6)
where GN is either voltage driven or temperaturee driven chain
conductance and is given below:
GN(V) =
Sα
tB
(
gtBeVN2
α2
)N [( E0
eV
)
λ(N−1)/2exp(−αtB)
]2/(N+1)
(7)
and
GN(T) =
Sα
tB
(
gtBKBTN2
α2
)N [( E0
KBT
)
λ(N−1)/2exp(−αtB)
]2/(N+1)
(8)
In above equation the factor SαtB represent the number of statisti-
cally independent conductance channels in the barrier with the to-
tal area S and λ is dimensionless electron phonon coupling param-
eter. The factor gtBKBTN
2
α2
or gtBeVN
2
α2
, represent the probability for
the formation of such channels. The transport of electrons through
incoherent successive tunneling along a conducting chanel with N
localized states can be considered as an effective series connection
of N-1 resistances with a characteristic conductivity. By solving
equation 7 and 8 we have inelastic conductance channels given as:
GN(V) = aN .VN−2/(N+1) (9)
and
GN(T) = σN .TN−2/(N+1) (10)
where aN and σN are constants that depends on the radius of lo-
calized states and their density, as well as on the barrier thickness
tB.
2.4.4 Variable range hopping
The variable range hopping is the predominant conduction mech-
anism in the limit of thick barriers and high temperatures. As the
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barrier thickness approaches the bulk limit, characterized by the
variable range hopping, one-dimensional tunneling channels are
no longer possible. The Mott hopping model37 describes trans- 37 N. Mott et al., Electronic pro-
cesses in noncrystalline materi-
als (Oxford Univ. Press, New
York, 1979)
port in this case (schematically in Fig. 10d). The variable range
hopping conductance (GVRH) is determined by two counteracting
conditions. On the one hand, the localized states must be near
enough to allow overlap between the electron wave functions. On
the other, the distance between states needs to be high enough to
allow for finding a localized state with a small energy difference.
These conditions together fix a typical hopping length lVRH . This
is a function of temperature, as it was found that lVRH varies as
T1/4. Therefore, the lVRH acquires the form
lVRH = α−1exp
(−T∗
T
)1/4
(11)
Where T∗ is given by kBT*= 23/gα−3. The Mott hopping model
thus results in the following conductivity law:
GVRH ≈ exp
(−T∗
T
)1/4
(12)
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Techniques for fabrication and char-
acterization of magnetic tunnel junc-
tions
This chapter contains an overview of the experimental techniques
used for the fabrication processes and characterization of mag-
netic tunnel junctions. The entire process of fabrication begins
with the multilayer deposition of magnetic and non magnetic ma-
terials, followed by patterning using Laser lithography and ion
beam etching. Then the temperature dependent transport i.e. elas-
tic and inelastic conductance of tunnel junction and their dielectric
breakdown voltage at room temperature have been investigated.
3.1 Sample preparation and corresponding techniques
3.1.1 Thin film deposition
Several methods are used for technical thin film deposition, e.g.,
thermal evaporation, chemical vapor deposition (CVD), molecu-
lar beam epitaxy (MBE), laser ablation, and sputtering etc. From
a technical relevance point of view, the sputtering process is most
important, and has been used for the preparation of the sam-
ples discussed here. The sputtering process involves the physical
deposition of a material from a target to a substrate by using a
plasma. The plasma is generated from a sputtering gas; usually,
an inert gas like Ar. The sputtering processes can be classified by
32
the way the plasma is generated.
The easiest way to generate the plasma is using a glow dis-
charge. The simplest setup for this consists of a vacuum cham-
ber, a constant voltage source, a sputter source, a substrate holder
and a pumping system (see Fig. 11). A rare gas, usually Argon,
is introduced into the vacuum chamber between the target, the
grounded substrate and the chamber walls. By applying ahigher
voltage to the target, a plasma is generated, while the positive ions
of the sputtering gas are accelerated towards the target. The ions
bombarding the target may have enough energy to cause the ejec-
tion of surface atoms and emission of secondary electrons, which
will cause further ionization of the sputtering gas in the cham-
ber. The principal source of electrons to sustain the plasma is the
secondary electron emissions caused by the bombardment of ions
into the cathode, so that a self-sustaining condition is established.
Figure 11: Material depo-
sition of thin films by the
DC sputtering. The im-
age is taken from website:
www.tcbonding.com /sput-
tering.html
Target (-)
Substrate
Vacuum
 Pumps
VACUUM
CHAMBER
AT PARTIAL
VACUUM
Sputtering Vacuum Deposition Process
Power
Supply
INERT GAS
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The target atoms that are struck out by the ions will traverse the
chamber and be deposited on the substrate. Since the chamber
is large in comparison to the mean free path of the atoms, the
atoms are deflected by scattering events. Therefore, a sputtering
process results in an almost undirected deposition of the material
on the substrate. This type of sputtering is usually referred to DC
or diode sputtering and has proven to be a useful technique in
the deposition of thin films when the cathode is covered with the
source material ("sputtering target"). However, diode sputtering
has two major disadvantages. The deposition rate is slow, and the
electron bombardment of the substrate is extensive and can cause
overheating and structural damage.
The development of magnetron sputtering38 deals with both of 38 A. Elshabini-Riad et al.,
Thin film techanology handbook
(McGraw Hill, 1998)
these issues simultaneously. Magnetron sputtering cathodes use
powerful magnets to trap the free electrons in a magnetic field
directly above the target surface; these electrons are not free to
bombard the substrate to the same extent as with diode sputter-
ing. At the same time, the extensive, circuitous path carved by
these same electrons when trapped in the magnetic field, enhances
their probability of ionizing a neutral gas molecule by several or-
ders of magnitude. This increase in available ions significantly
increases the rate at which target material is eroded and subse-
quently deposited onto the substrate. Therefore, the magnetron
sputtering can be operated with lower gas pressures and voltages
in comparison to glow discharge plasmas. Sputtering can be done
either in DC or RF modes. DC sputtering is very effective for
the deposition of conductive materials. However, if the target is a
non-conducting material, the positive charge will build up on the
material and it will stop sputtering. To overcome this problem, RF
sputtering method was developed.
RF sputtering uses a radio frequency sinusoidal voltage to de-
rive the source. The substrate and chamber walls are held at
ground potential. Using this approach, the charge that builds up
on the dielectric target is dissipated through the second half of the
cycle. A detailed description of the sputtering processes discussed
above can be found elsewhere39.
39 L. Maissel, Handbook of
Thin Film Technology (Mc-
Graw Hill, 1983)
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Deposition of the investigated samples
Magnetic tunnel junctions have been deposited by RF/DC mag-
netron sputtering using a CLAB 600 system by Leybold Vakuum
GmBH. It is a fully automatic system that consists of a sputter
chamber with six four inch magnetron sputter cathodes: two RF
and four DC magnetron sputtering cathodes, a substrate rotating
table and a central handling robot system. Five of the four inch
targets are used for DC sputtering (at a power of 115 W). Two have
special construction characteristics for ferromagnetic targets. The
insulator barrier is sputtered by using a Hÿttinger RF generator
(13.56 MHz) and an MgO target. The base pressure of the sputter-
ing system is 1×10−7 mbar. The pressure of the sputter gas in the
range of 1×10−3 mbar is controlled by two parameters inlet Ar
flow and the throttle position (the valve controlling the pumping
speed by obstruction or constriction).
Figure 12: Schematic
overview of the MTJ stan-
dard stack sputtered using
the Leybold CLAB 600. The
numbers in parenthesis rep-
resent the nominal thickness
of each layer in nanometers.
Ta (5)
Ta (10)
Ta (5)
Ru (20)
Ru (5)
Ru (30)
Mn-Ir (12)
MgO (x)
Co-Fe-B (2.5)
Co-Fe-B (2.5)
Si-SiO2 (50)
In order to achieve the reproducible stacks it is important to
have good control over the Ar flow and throttle position. For the
DC sputtering of metallic elements, an Ar flow of 20 sscm and a
throttle position of 21% is used, equivalent to an Ar pressure of
1.2×10−3 mbar. During the RF sputtering of MgO barrier, the Ar
flow stays 20 sscm but the throttle position is 3% (at Ar pressure
of 2.4×10−2 mbar). A schematic overview of the MTJ standard
stack with a layer sequence is shown in Fig. 12
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All samples were deposited on thermally oxidized SiO2 wafers.
All metallic layers were deposited by DC magnetron sputtering.
The MgO barrier of thickness tB between 1.8-5 nm was deposited
by RF magnetron sputtering. The atomic composition of the sput-
ter target was Co70Fe30, Co40Fe40B20 and Mn83Ir17 for Co-Fe, Co-
Fe-B and Mn-Ir target, respectively. The sputter rate of each target
was experimentally verified using an X-ray diffraction technique
before beginning an entire sputtering process. The thickness of
the sputtered layer depends on the growth conditions, i.e. sputter
rate and time:
d = C× (t + 0.55)sec (13)
where d is the thickness of the growing layer in nm, C is the
sputter rate in nm/sec and t is the deposition rate in sec. The
constant time (0.55 s) corresponds to the opening and closing of
the shutter.
The deposition time is calculated from Eq. 13. Further, these
data together with other sputter parameter are fed to the com-
puter that controls the thickness of each layer accurately.
3.1.2 Vacuum annealing
After deposition, samples were annealed in a vacuum to ensure
the exchange bias of the hard electrodes comprised of an Mn-
Ir anti-ferromagnetic layer together with a ferromagnetic Co-Fe-B
layer. The amorphous Co-Fe-B layer partially crystallized dur-
ing the post-annealing process, effectively improving the quality
of electrode/barrier interface, leading to an increase of the TMR
ratio. Samples were annealed in a vacuum furnace with a base
pressure of 1×10−7 mbar at a temperature occurring between the
Curie temperature of the ferromagnet and Neel temperature of the
anti-ferromagnet. During the annealing process, a strong magnet
of 6.5 kOe is applied from a permanent magnet to define a mag-
netic ordering of the ferromagnetic layer. Afterwards, the sample
is field cooled through the Neel temperature of the antiferromag-
netic layer at room temperature.
For the samples, the annealing was done at temperatures vary-
ing between 200-500o C for one hour in the presence of a magnetic
field. All samples were cooled for 30 minutes.
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3.1.3 Lithography
For transferring patterns onto the multi-layers, different lithogra-
phy techniques are available. In principal they can be divided
into mask based (parallel) and writing (serial) processes. The ad-
vantage of parallel processes is the rapid duplication of images
of the mask. The disadvantage is the complicated and expensive
mask production. In serial processes, direct writing with a fo-
cused beams of electrons (e-beam lithography), ions (FIB - focused
ion beam lithography) or photons (laser direct writing) is used. In
this work, all MTJs were first patterned by laser beam onto the
photo resist that was spin coated on the top of the multi-layers.
We used the DWL 66 Laser Lithography system from Heidelberg
Instruments GmbH. The resolution of the instrumentation is 400
nm. The system can fabricate patterns with a minimum size of 1.2
µm. This direct writing system uses a laser as a radiation source
with an output power of 90 mW at a wavelength of 442 nm. The
table 1 gives an overview of the photo-resist and processing chem-
icals along with spin coating parameters used here.
Table 1: Overview of the em-
ployed resists and processing
chemicals
solution type spin coating parameters
ARP5350 from Allresist positive resist 5000 rpm for 30 s
baking 30 minutes at 90oC
AR-300-35 from Allresist developer 8-10 sec
removing with acetone for 5 minutes in
an ultrasonic bath at room temperature
3.1.4 Ion beam milling
In the lithography step, MTJ elements are patterned with laser
beams into a positive photo-resist. An Ion beam milling pro-
cess transfers structures onto a layer stack. The resist protects
the underlying material during the etching process while the un-
protected material is simply etched away. In this work, ion beam
milling is done on an apparatus built in Bielefeld. The ion beam
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is produced by an Ar gas fed into the source chamber and ionised
by electron bombardment. These Argon ions are accelerated and
bombarded into the surface of the sample during the milling pro-
cess. To ensure homogeneous etching and to avoid short-circuited
TMR elements, the sample holder is tilted by 30o from normal in-
cidance and rotates slowly. A comprehensive description of the
apparatus can be found elsewhere40. 40 M. Panhorst, PhD thesis,
Bielefeld university, 2005The removed particles can be neutral or charged. The charged
particles pass through an energy filter and are analyzed by a
quadrupole mass spectrometer that is attached to the etching cham-
ber. From the analyzed particles, the material that is eroded is
known precisely. This feature is very helpful to stopping the pro-
cess exactly at the desired layer of the stack.
3.1.5 Junction microfabrication
The micrometer size samples investigated in chapter 4 have been
patterned by a single step laser lithography, and an Ar-ion etch-
ing process. However, the samples investigated for TMR temper-
ature dependence and inelastic electron tunneling spectroscopy
were prepared by a two step lithography process. For every sam-
ple, different arrays of squares with actual dimension of 15, 20
and 25 µm were defined. The lateral distances were chosen to be
three times the dimensions of the elements. Fig. 13 shows the
step by step procedure used to fabricate the tunnel junctions. The
first step is the optical lithography (a) that consists of spin-coating
the sample with a resist, exposing it with a laser lithographer, and
developing the resist to get the written design (see Fig. 13(b)).
Then, the whole sample is etched with Ar ions, down to the Ru
layer. Finally, the resist is removed in a bath of solvent under
application of ultrasonic agitation (Fig. 13(d)). The breakdown
tests were performed on these junctions using a conventional two
probe method.
For temperature dependent transport measurement, an addi-
tional lithography step was done to form a contact pad for bond-
ing on a chip carrier which fit into a cryostat. For those junctions
after developing and etching in first step as shown in Fig. 13(c),
TaOx was deposited using a home built sputter machine by RF
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Figure 13: 3D view of the first
lithography step and its adja-
cent process to fabricate junc-
tion for time dependent di-
electric breakdown study.
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Figure 14: (a-c) 3D view of
the second lithography step
and its adjacent process and
(d) expanded overview of
MTJ cell
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reactive sputtering at a power of 50W. It is shown in Fig. 14.
For this sputtering, the partial oxygen pressure used was 2×10−4
mbar and Ar flow was adjusted to reach a pressure of 3.5×10−3
mbar. The thickness of the insulator sputtered between the ele-
ments was large enough to ensure the electrical isolation of the
elements and small enough to facilitate the further lift-off process.
A thickness of 50-60 nm of TaOx proved to be a good electrical
insulator. The lift off process time for a photo resist was around
5 to 10 minutes. After finalization of this step, the only part of
the wafer that contained the entire TMR stack was in the region
where the elements were present. The last process of the second
step was the sputtering of Ta and Au layers for the contact pad
that would be put on top of the elements in order to contact them
for the measurements. The total thickness of this layer was around
60 nm and is shown in Fig. 14(b). The last lithographic step com-
prise of the pattering of structure for contact pad by laser beam
and an ion beam etching procedure, where care must be taken to
stop etching process in the TaOx layer. The next step is the resist
removal situated on top of the contact pad. After this final stage
the sample is ready to be measured and characterized (see fig.14(c,
d)).
3.2 Characterization and analysis techniques
The characterization of MTJs used was conducted through trans-
port and structural measurements. Transport properties were ob-
served via current-voltage measurements and their (measured or
calculated) derivatives. These measurements could be recorded
under the influence of magnetic fields. Structural characteris-
tics were performed by transmission electron microscopy (TEM).
This section includes an overview of the measurement methods at
room temperature, low temperature and structural characteriza-
tion techniques.
3.2.1 Transport measurements
Room temperature transport measurements were carried out by
conventional 2 probe DC technique. During the measurement it
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was possible to apply a voltage of maximal ±10 V with a desired
step size through a computer that controlled and monitored all
the hardware. The current was measured by an electrometer with
different amplification ranges. The output of the electrometer was
measured by a Keithley Model 2000 digital multi-meter. A homo-
geneous magnetic field was produced by two coils with a ferrite
rod supplied with a 36V-12A power supply and with an error of ±
5mV. The maximum field produced by the coils was in the range
of 3500 Oe and was measured using a Bell 6010 Gauss/Tesla me-
ter. A comprehensive description of the apparatus can be found in
the thesis by Andy Thomas41. The electric properties of the TMR41 A. Thomas, PhD thesis,
Bielefeld univetsity, 2003 samples were determined by two point measurements perpendic-
ular to the plane. Most of the MTJs were contacted carefully with
a thin gold needle from the top. The contact to the lower con-
duction line was obtained by pressing a thicker gold needle hard
on the sample outside the MTJ, and scratching it to destroy the
barrier. To determine the resistance in dependence of the exter-
nal magnetic field, a constant bias voltage was applied while the
external magnetic field varied. Unless otherwise stated, a bias
voltage of 10 mV was used.
Low temperature measurements were carried out in an Oxford
Instruments closed cycle helium cryostat, which provides temper-
atures down to about 13 K. Other types of measurements car-
ried out in these experimental settings were current voltage mea-
surements, dielectric breakdown (chapter 4) with various constant
magnetic fields, and inelastic electron tunneling spectroscopy as
described in chapter 6.
3.2.2 Transmission electron microscopy
Transmission Electron Microscopy (TEM) has become a mainstay
among characterization techniques for materials scientists. This
technique uses a beam of electrons that is transmitted through
an ultra thin specimen, interacting with the specimen as it passes
through it. A series of magnetic lenses, at and below the sample
position, are responsible for delivering both, the undeflected and
deflected electrons signals that penetrate the sample thickness to a
detector, usually a CCD camera. Accompanying this signal trans-
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Figure 15: Schematic view
of Transmission Electron
Microscope. [Image is taken
from web site: http://media-
2.web.britannica.com/eb-
media/90/113690-004-
CB552E7F.gif]
mission is a magnification of the spatial information in the signal
by as little as 50 times to as much as a factor of 106. This remark-
able magnification range is facilitated by the small wavelength of
the incident electrons, and is the key to the unique capabilities
associated with TEM analysis. A schematic of a TEM instrument
showing the location of a thin sample and the principal lenses
within a TEM column, is illustrated in Figure 15.
The transmission electron microscope uses a high energy elec-
tron beam transmitted through a very thin sample to image and
analyze the microstructure of materials with atomic scale resolu-
tion. The electrons are accelerated at several hundred kV, giving
wavelengths much smaller than that of light: 200kV electrons have
a wavelength of 0.025Å .
Because even for very thin samples one does not usually see in-
dividual atoms. Rather the high resolution imaging mode of the
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TEM, images the crystal lattice of a material as an interference pat-
tern between the transmitted and diffracted beams. This allows
one to observe planar and line defects, grain boundaries, inter-
faces, etc. with atomic scale resolution. The brightfield/darkfield
imaging modes of the microscope, which operate at intermediate
magnification, combined with electron diffraction, are also invalu-
able for giving information about the morphology, crystal phases,
and defects in a material. For the structural investigation of full
magnetic tunnel junctions, high resolution transmission electron
microscopy (HR-TEM) has been used.
3.2.3 Inelastic electron tunnel spectroscopy
When a voltage is applied to a metal/isolator/metal tunnel junc-
tion, electrons can tunnel from occupied electronic states in one
electrode to free states in the other electrode42 [Fig. 16(a)]. When42 S. K. Khanna et al., Science
220, 1345 (1983) the electrons do not loose energy during this process, it is called
elastic tunneling. When the electrons loose energy, e.g., due to
the creation of phonons (vibrational excitations, frequency ωexc),
this effect is called inelastic tunneling. Therefore, for each type
of inelastic tunneling process there is a minimum energy below
which this process cannot be found. When this energy is reached,
the conductance is increased [Fig. 16(b)]. The change of the gra-
dient of the current versus voltage graph due to the onset of this
inelastic tunneling process results in a step in the dI/dV versus
voltage curve [Fig. 16(c)].The usual way of plotting inelastic elec-
tron tunnel spectroscopy (IETS) measurements is a d2I/dV2 ver-
sus voltage graph [Fig. 16(d)]. In this kind of graph the step in
the dI/dV versus voltage curve resulting from the onset of the
inelastic tunneling process is represented by a peak.
To obtain a dI/dV versus voltage curve, a two-probe measure-
ment was carried out where a dc bias voltage with overlaid ac
voltage was applied by an electronic measurement setup. The re-
sulting current was detected and amplified by the measurement
box. The measured current was used as an input for a Stanford
SR830DSP lock-in amplifier. The lock-in amplifier was used as a
source of overlaid ac voltage. Ac voltages in the range of 2mV
were used. The output of the lock-in amplifier was proportional
3 techniques for fabrication and characterization of magnetic tunnel
junctions 43
MM I
elastic
inelastic eV
hωexc
I
V
V
V
d2I/dV2
dI/dV
EF
(a)
(b)
(c)
(d)
elasticTotal
Figure 16: (a) Schematic of
Metal- Insulator -Metal junc-
tion (energy versus thick-
ness). (b) Current versus
voltage graph for a tun-
nel junction with only elas-
tic tunneling up to a cer-
tain voltage indicated by a
small vertical line and an on-
set of inelastic tunneling at
this voltage. (c) dI/dV ver-
sus voltage measurement re-
sulting from (b), (d) d2I/dV2
versus voltage measurement
resulting from (b). These
graphs are based on a figure
in Ref. [42].
to the variation of the current due to the ac voltage. Therefore, this
signal was proportional to dI/dV. The IETS signal proportional to
d2I/dV2 was obtained by differentiating this signal numerically.
To measure IETS spectra of magnetic tunnel junctions, a low
temperature was necessary because the thermal energy at room
temperature corresponded to about 25 mV. This thermal smearing
would camouflage many of the peaks observed at MTJs. There-
fore, measurements were carried out in an Oxford Cryo-drive 1.5
closed cycle He cryostat at about 13 K.

4
Dielectric breakdown of magnetic
tunnel junction
4.1 Introduction
The dielectric breakdown of magnetic tunnel junction is a serious
reliability concern in spintronic devices because of the continuous
trek towards smaller and smaller devices with thinner oxide layer.
It has recently been found that the MTJs can be switched by spin
transfer and MTJs using MgO barriers show large TMR by spin
polarized tunneling effect43,44. In spin transfer switching, one of 43 W. H. Butler et al., Phys.
Rev. B 63, 054416 (2001)
44 J. C. Slonczewski, J. Magn.
and Magn. Mater. 159, L1
(1996)
the key technologies is to make excellent tunneling barriers thin
enough to allow a high current for switching. Oxide barrier layer
in MTJs become more vulnerable to the applied voltage as they
get thinner. For this reason, standardized procedures for the char-
acterization of dielectric breakdown are mandatory for the evalu-
ation of the lifetime of spintronic devices. When an electric field is
applied across the MTJ, the continued degradation of the barrier
will lead to the formation of a conductive path in the oxide and
a shortening of the top and bottom electrode. This kind of degra-
dation mechanism is called time dependent dielectric breakdown
(TDDB).
In order to assess the applicability of MTJ for devices oper-
ating at a voltage much lower than the breakdown voltage, we
will present our novel findings regarding time dependent dielec-
tric breakdown in Co-Fe-B/MgO/Co-Fe-B junctions with thick-
ness ranging from about 1.8 nm to 5.0 nm. As a first step to-
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wards the understanding of microscopic breakdown mechanisms,
the results have been analyzed in terms of various expressions of
voltage dependent breakdown probabilities.
We will first describe the measurement method of the break-
down of our samples (section 4.2), followed by an overview of the
experimental results of breakdown measurements (section 4.3). In
section 4.4 a general statistical model for breakdown is presented,
and apply two models to our junctions for data analysis. A con-
clusion is given in section 4.5.
4.2 Measurement method
Figure 17: Schematic stress
bias of the staircase ramp.
The current is measured at
the end of each step.
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Several types of testing methods have been used to characterize
the TDDB of dielectric thin films. Commonly used methods in-
clude the ramp voltage stress method (RVS), the constant voltage
stress method (CVS), and the constant current stress method(CCS).
Excellent reviews of the dielectric breakdown in thin oxide, in-
cluding testing methods were given by Martin 45 and Ghibaudo46.
45 A. Martin et al., Microelec-
tron. Reliab. 38, 37 (1998)
46 G. Ghibaudoa et al., Mi-
croelectron. Reliab. 39, 597
(1999)
Most directly, the time to breakdown can be measured by either
the CVS or the CCS method. These methods have the disadvan-
tage of priori unknown time to breakdown, which can exceed sev-
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eral days or even months when measuring at a low stress voltage,
making these methods less convenient. Therefore, breakdown is
most often studied using the voltage ramp method. It is a fast
measurement method that can provide the intrinsic and extrinsic
breakdown strengths of the dielectric with good resolution. Cur-
rently, a staircase ramp, similar to a linear ramp, (shown in Fig.
17) is commonly used to perform breakdown tests. It has the
advantage of being easy implemented and having good hardware
and software control. The most vital parameter in RVS is the ramp
speed, as defined by Vstep and tstep as: dVdt =
Vstep
tstep . The height of
the voltage step determines the resolution of the measured break-
down field. If the Vstep chosen is to too large, then a small drift
in the intrinsic breakdown fields will not be resolved. Therefore,
Vstep of 1mV is taken for better resolution and tstep varied to get a
ramp speed between 5-20 mV/sec.
4.3 Experimental results
For MTJs fabricated with the process discussed in chapter 3, we
measured their time-dependent dielectric breakdown using the
technique discussed above, and focused on its dependence on the
barrier thickness, junction area, polarity of applied voltage, ramp
speed, annealing temperature, MTJ state (parallel or anti-parallel),
and layer stack. More than 700 breakdown measurements were
conducted to assess the reliability of junction during this study.
Before starting the breakdown test, the TMR and resistance area
product (RA) was measured in each case by biasing the MTJ at
10 mV using constant voltage source. The average values and
statistical errors of the TMR amplitudes and RA product acquired
at room temperature are listed in table 2.
tB[nm] RAP RAAP TMR
1.8 106±10 kΩµm2 281±10.5kΩµm2 173±5 %
2.1 323±18 kΩµm2 821±10.9kΩµm2 167±4 %
3.0 43.4±3.2 M Ωµm2 77.13±1.8 MΩµm2 73.2±4 %
4.0 6.09±1.04 G Ωµm2 8.75±0.85 GΩµm2 22.5±2.3 %
Table 2: Typical RAP and
RAAP products in parallel
and anti-parallel magnetiza-
tion state and corresponding
TMR measured with a bias
voltage of 10 mV at RT
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The resistance of a sample with a 5.0nm barrier thickness was
too high to perform reliable TMR measurements. Instead, we esti-
mated its RA product to be about 2TΩµm2. The RA product bothRA value extracted by fitting
an IV curve (±100 mV) by a
linear function.
in parallel and anti-parallel state increased exponentially with a
barrier thickness, while the average value of TMR at RT decreased
with an increase in barrier thickness. The reasons for this decrease
are further explain in chapter 5. As similar trends were observed
for all barrier thicknesses, i.e. area dependency, polarity of ap-
plied voltage, and ramp speed, for the readers ease, we present
the results of the junctions with barrier thickness of 1.8 and 2.1
nm first.
The intrinsic failure due to voltage stress induced degradation
of an insulator is characterized by an abrupt decrease in resistance
at the breakdown voltage47 e.g., as can be seen in Fig. 18.47 B. Oliver et al., J. Appl.
Phys. 91, 4348 (2002)
Figure 18: Typical Break-
down I-V characteristics
curve for optimally annealed
400 µm2 junctions in anti-
parallel magnetization state
(AP) that break at 1.85 V (1.8
nmm) and 2.18 V (2.1 nnm),
respectively. The ramp speed
is 15mV/s
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During the breakdown, a highly conductive path is irreversibly
formed that shunts the current. Afterward, no TMR effect was
observed and, e.g., the resistance of MTJs with a junction size of
225µm2 was found to be typically in the range of 75-10 Ω, corre-
sponding to RA products of 17-2.3 kΩµm2.
The mean current density and voltage of MTJs at the break-
ing point are shown in Fig.19 (the error bars represent the stan-
dard deviation for an ensemble of typically five nominally identi-
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cal MTJs).
Figure 19: The current den-
sity (dotted line) and break-
down voltage (solid line)
dependence on polarity of
applied voltage for a bar-
rier thickness of 1.8 nm:
(a) anti-parallel magnetiza-
tion and (b) parallel magneti-
zation state. The ramp speed
is 15 mV/s.
It was found that the current density and breakdown voltage of
MTJs strongly depends on the polarity of the applied voltage. For
positively biased top electrodes, the current density and break-
down voltage is about 20 and 10% larger than for negatively bi-
ased top electrodes. TDDB dependence on bias polarity indicates
that upper and lower MgO/Co-Fe-B interfaces are not equally
strong against stress. We speculate that the change of the junc-
tion reliability of MTJs under negative and positive bias is caused
by properties of the barrier, namely, an asymmetric defect den-
sity distribution at the interface regions between the insulator and
magnetic layer, e.g., asymmetric structural defects such as the dis-
locations at the interfaces and lattice distortions. The current den-
sity at which the breakdown occurs is, in general, larger for the
parallel than for the anti-parallel state. Therefore, the breakdown
voltage might not only be dominated by the voltage stress, but can
be influenced by the current stress. However, it should be noted
that the current density at the breakdown is about a factor of 3
smaller for 2.1 nm thick barriers than for 1.8 nm thick barriers,
which favors that current density, though is not as important as
the bias voltage.
Figure 20 shows the area and thickness dependence of the break-
down voltage. As can be seen, the breakdown voltage depends
strongly on the thickness, and weakly on the junction area in both
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Figure 20: Breakdown
voltage dependence on the
area and barrier thickness for
optimally annealed MTJs: (a)
anti-parallel magnetization
and (b) parallel magnetiza-
tion state. The ramp speed is
15 mV/s.
parallel(P) and anti-parallel(AP) magnetization state. By increas-
ing the barrier thickness by 0.3 nm, from 1.8 nm to 2.1 nm, the
breakdown voltage considerably increases by an average value of
about 9.0%. The breakdown voltage decreases by an average value
by about 1.6% when the junction area increases from 225 to 625
µm2 for a 1.8 nm thick junction under negative bias in AP state.
Generally, the breakdown voltage is lower for large area junctions.
Obviously, the probability of finding the weaker links is larger
when the junction area increases. Moreover, if we compare the
breakdown voltage of 64 µm2 junction (not shown) with 625 µm2
for a 1.8 nm thick junction, the breakdown voltage of a later junc-
tion decreases by about 3.2 %. Hence the breakdown voltage is
usually higher for a small area junction. This is true for all barrier
thicknesses. This means that for MRAM devices, the junction area
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Figure 21: Breakdown volt-
age dependence on voltage
ramp speed in an AP state
for optimally annealed MTJs
with 1.8 and 2.1 nm thick
barriers. The inset of the
figure shows the breakdown
dependence on voltage ramp
speeds for 1.8 nm when the
upper electrode is positively
biased
is usually much smaller than for actual test junctions. The rela-
tionship between breakdown voltage and area is well established
by models in the literature as discussed in the next section.
The ramp speed dependence of the breakdown voltage is shown
in Fig. 21. It is well know that the breakdown voltage of RVS
strongly depends on ramp speed. This was first reported for a
SiO2 based MOS capacitor by Osburn et al.48. MOS
metal oxide semiconductors
48 C. M. Osburn et al., J. Elec-
trochem. Soc. 119, 591 (1972)
In case of MTJs, the ramp speed dependence on breakdown
voltage was first demonstrated and modelled by Oepts49. The
49 W. Oepts et al., Appl. Phys.
Lett. 73, 2363 (1998)
breakdown measurements were performed upon ramping the ap-
plied voltage from V=0V with constant dV/dt for a series of junc-
tions with three different areas under positively and negatively
biased top electrodes. From the Fig. 21 it can be seen that the
breakdown voltage increases when ramp speed is increased, in
agreement with the observation that at lower bias, lifetime in-
creases.
52
4.3.1 Barrier thickness dependence of dielectric breakdown
TDDB measurements were performed for MTJs with barrier thick-
nesses in the range between 1.8-5 nm. All MTJs show similar VBD
trends with respect to the area of the junctions (not shown here).
Barrier thickness dependence of breakdown voltage is shown in
Fig. 22.
Figure 22: The breakdown
voltage dependence on the
barrier thickness, and the
polarity of applied voltage
in anti-parallel magnetiza-
tion state. The inset shows
VBD measured at RT in a
parallel magnetization state
for positively biased volt-
age. The junction area is 225
µm2. Each point is an aver-
age of five individual mea-
surements, and the error bars
represent the standard devia-
tion. The ramp speed was 15
mV/sec.
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A linear increase of breakdown voltage with barrier thickness
was observed in all cases. This linear behavior of VBD is in ac-
cordance with our micro-structural investigation, which does not
provide any hints of the reduction of barrier quality with the in-
crease in MgO thickness. Rather, the TEM micrographs of our
MTJs (in chapter 5) clearly reveal that the tunnel barriers are ho-
mogeneous and that the electrode-barrier interfaces are of almost
the same quality.
4.3.2 Breakdown voltage dependence on annealing temperature
The thermal and dielectric stability of MTJS are important require-
ments for memory devices and their integration in the semicon-
ductor process technology. The MTJs were annealed in a vac-
uum of up to 500oC and their dielectric stability and TMR were
4 dielectric breakdown of magnetic tunnel junction 53
2000
1800
1600
1400
1200
1000
V
B
D
 
(
m
V
)
600500400300200
Junction area (µm
2
)
200oC
250oC
300oC
350oC
400oC
450oC
500oC
2000
1900
1800
1700
1600
1500
1400
V
B
D
 
(
m
V
)
550500450400350300250200
T
a
 (
o
C )
 Anti-parallel state
 parallel state
150
100
50
0
T
M
R
 
(
%
)
500450400350300250200
T
a
 (
o
C )
(a)
(b)
(c) (d)
1200
1000
800
600
400
200
R
A
 
(
 
K
Ω
-
µ
m
2
)
550500450400350300250200
T
a
 (
o
C )
Figure 23: (a) Breakdown
voltage dependence on
annealing temperature and
junction size in AP state. (b)
The average RA product in
parallel magnetization state
as a function of annealing
temperature. (c) VBD as a
function of annealing tem-
perature for 400µm2 junction
and (d) TMR as a function of
annealing temperature. The
barrier thickness is 2.1 nm,
and the ramp speed is 15
mV/s.
measured at room temperature. Figure 23 exhibits the anneal-
ing temperature (Ta) dependence of breakdown voltage, junction
area, RA product (for the P electrode allignment) and TMR for the
MTJs with 2.1 nm barrier thickness. First, we focus on the depen-
dence of the breakdown voltage on the junction area for different
annealing temperatures[Fig. 23(a)].
It was observed that the breakdown voltage depends strongly
on the area for annealing of 400 and 200oC. For the optimum an-
nealing temperature of 350oC, the area dependence was smallest.
A MTJ with a 2.1 nm thick barrier and 225µm2 area at 400oC an-
nealing temperature typically breaks at an average value of 1.87
54
V. By increasing the junction area to 625 µm2 the breakdown volt-
age decreased by 18 % to an average value of 1.54 V. For anneal-
ing temperatures of 450 and 500oC, the area dependence became
smallest.
In Fig. 23(c-d) the annealing temperature dependence on the
breakdown voltage and TMR is shown. An increasing VBD and
the TMR with increasing annealing temperature of up to 350oC,
most likely due to an improvement of the crystallinity of the Co-
Fe-B/tunnel barrier interface, was found in all cases. The largest
value of VBD coincides with the largest TMR, again pointing to
the barrier quality. A rapid decrease of VBD above the optimum
annealing temperature (400oC) was observed in both parallel and
anti-parallel states. This was found also in an Al-O based junc-
tion50 grown on Si wafer caped with SiO2 layer. In this case,
50 J. Schmalhorst et al., J.
Appl. Phys. 91, 6617 (2002)
a strong inhomogeneous temperature-induced crystallite growth
was observed, resulting in high mechanical stress acting on the
barrier and, accordingly, a reduced VBD. In our MgO-based MTJs
investigated here, we might also expect that the reduction of VBD
above 350 oC was connected to additional mechanical stress as a
result of recrystallization. It was found that a recrystallization of
the Co-Fe-B electrode at the MgO barrier took place51 resulting
51 J. Schmalhorst et al., J.
Appl. Phys. 102, 053907
(2007); and Y. S. Choi et al.,
J. Appl. Phys. 101, 013907
(2007)
in "quasiepitaxial" electrode-barrier interfaces, a prerequisite for
coherent tunneling. The corresponding products of the area resis-
tance are given in Fig. 23(b) for different annealing temperatures.
A decreasing RA product with increasing annealing temperature
up to 350oC might be due to an improvement of the crystallinity
of magnetic electrodes. Additional annealing led to an increase
in RA product. The temperature stability of TMR and VBD is
also closely related to the interdiffusion process upon annealing.
Fig. 24 shows the TMR major loop measured at different anneal-
ing temperatures. We observed a maximum TMR of 176% for
the sample annealed at 350oC. Further, annealing led to lower the
TMR ratios with the effect completely vanished at 500oC anneal-
ing.
All MTJs in this study have a bottom electrode pinned by an
Mn-Ir anti-ferromagnet. Mn diffusion from the anti-ferromagnet
to the electrode barrier interface is expected at high annealing
temperatures and might be responsible for the drop of TMR ra-
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Figure 24: TMR major loop
acquired at 10 mV with
different annealing tempera-
ture. The junction area is
400µm2 and barrier thickness
is 2.1 nm.
tio when Ta exceeds 400 oC. Evidence of Mn diffusion in C0-Fe-
B/MgO/Co-Fe-B junction has been given by Hayakawa et al.52 52 J. Hayakawa et al., Appl.
Phys. Lett. 89, 232510 (2006)Using an energy despersive X-ray analysis, they observed a clear
Mn peak in the MgO barrier at 375 oC. The peak intensity was
found to be much enhanced after annealing at 450 oC. In our junc-
tions, the decrease of TMR and the breakdown voltage, and, on
the other hand, an increase in RA product above 350 oC, may be
attributed to the Mn diffusion towards lower electrode/barrier in-
terfaces. At 500 oC, a high level of Mn diffusion to the barrier and
bottom electrode barrier interface, due to its affinity for oxygen
was expected, leading eventually to the complete deterioration of
the spin dependent transport of the devices.
4.3.3 Influence of the MTJ architecture on the breakdown voltage
The TDDB results of MTJs with a magnetically hard bottom elec-
trode pinned by an adjacent anti-ferromagnetic Mn-Ir layer were
previously presented. Generally, MTJs with such architecture are
known as bottom pinned, hereafter, we refer to them as BAF-MTJ.
These results were compared with another set of MTJs whose bot-
tom electrode was the free layer and top electrode was an artificial
ferromagnet, Co-Fe-B/Ru/Co-Fe, pinned by an antiferromagnetic
Mn-Ir layer (see in Fig. 25). This system will be called TAF-MTJ.
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Figure 25: Multi-layer layout
for bottom pinned (left) and
top pinned (right) magnetic
tunnel junction
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Figure 26: The breakdown
voltage dependence on the
junction area and voltage po-
larity for TAF-MTJ with 1.8
nm thick barrier. Each point
is an average of five individ-
ual measurements, and the
error bars represent the stan-
dard deviation. The ramp
speed was 15 mV/sec.
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In the present section we will compare the results for both junc-
tions with respect to their dielectric breakdown voltage. Further-
more, inelastic electron tunneling spectroscopy (IETS) was also ap-
plied to investigate the spin dependent tunneling process for both
top and bottom pinned tunnel junctions as discussed in chapter 6.
For TAF-MTJ with a 1.8 nm thick barrier, breakdown voltage as a
function of junction area and polarity of applied voltage is shown
in Fig. 26.
A comparison of breakdown voltage of TAF-MTJ with BAF-
MTJ previously shown in Fig. 19 reveals that for the anti-parallel
(AP), as well as the parallel (P) magnetization states, TAF-MTJs
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had higher breakdown voltages than BAF-MTJs. For example, a
BAF-MTJ in anti-parallel magnetization state with a junction area
of 225 µm2 under negative bias typically broke at VBD= -1.72 V
compared to VBD=-1.89 V for a TAF-MTJ having the same junction
area. Furthermore, all MTJs showed a higher breakdown voltage
for positive than for negative biases; this trend holds for parallel as
well as for anti-parallel magnetization alignments. The difference
in breakdown voltage of BAF-MTJ and TAF-MTJ in parallel and
anti-parallel magnetization states is summarized in table 3.
polarity parallel state anti-parallel state
negative bias 260-292 mV 123-143mV
positive bias 270-299 mV 168-189mV
Table 3: The difference[
VTAF−MTJBD −VBAF−MTJBD
]
in
AP and P state with volt-
age bias polarities for 1.8 nm
thick barrier.
The difference in the breakdown voltage in the parallel state is
generally higher than in anti-parallel states. These general trends
were found for MTJs with 1.8 nm thick barrier, and are also valid
for TAF-MTJs and BAF-MTJs with a barrier thickness of 2.1 nm. A
comparison of breakdown voltage in AP states with 2.1 nm thick
barrier is shown in Fig. 27
Figure 27: A comparison
of the breakdown voltage
dependence on the junction
area and voltage polarity for
TAF-MTJ and BAF-MTJ with
2.1 nm thick barrier. Each
point is an average of five in-
dividual measurements, and
the error bars represent the
standard deviation. The
data were taken in the anti-
parallel magnetization state.
As discussed above, all MTJs showed a higher breakdown volt-
age for positive bias than for negative bias voltage, i.e., the polarity
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dependence of the breakdown voltage does not change by chang-
ing the layer stack. This indicates that the lower electrode/barrier
interface is not equally strong against stress compared to the top
interface. This may cause an asymmetry in the bias voltage depen-
dence of electronic transport properties. Therefore, for both sets of
junctions, the bias voltage dependence of the electronic transport
was probed via a lock-in technique. Precisely, the tunneling cur-
rent in parallel and anti-parallel states was measured with very
high accuracy by inelastic electron tunneling spectroscopy. The
differential resistance (dV/dI)-V spectra (discussed in chapter 6)
for these junctions revealed an asymmetry for the top pinned sys-
tem which was reversed in comparison to the bottom pinned sys-
tem. This indicates that the asymmetries of the transport proper-
ties and of the breakdown voltage with respect to the bias voltage
polarity have different origins.
We can speculate that the polarity dependence of the VBD volt-
age is caused by different oxygen concentrations at the lower and
upper interfaces between the oxide barrier and the Co-Fe-B elec-
trode. Such an asymmetry can be expected, because it can easily
be induced by the deposition process itself: the MgO barrier is
directly deposited on top of the Co-Fe-B electrode by RF sputter-
ing from an MgO target. Therefore, the surface of the ferromag-
netic electrode can be oxidized by oxygen originating from the
target53,54. In contrast the interfacial Co-Fe-B at the upper barrier53 J. Schmalhorst et al., J.
Appl. Phys. 102, 053907
(2007)
54 J. C. Read et al., Appl.
Phys. Lett. 90, 132503 (2007)
- electrode interface cannot be oxidized in this way. Accordingly,
different oxygen concentrations are expected for both interfaces.
As mentioned above, the dielectric breakdown is believed to be
initialized by a field-induced break of an atomic bond in the ox-
ide. As discussed in detail by McPherson et al.55, for thin SiO255 J. W. McPherson et al., J.
Appl. Phys. 84, 1513 (1998) films oxygen vacancies are thought to dominate the breakdown
process as precursors for the initial bond breakage. Because it is
not possible to determine the atomic arrangement of cobalt, iron,
boron, magnesium and oxygen atoms at an atomic level in our
junctions, it is difficult to identify the precursors for the break-
down. However, taking the discussion on SiO2 into account, the
influence of a small oxygen distribution asymmetry in the barrier
region on the breakdown process is very reasonable.Because this
oxygen distribution asymmetry have to be expected for both set
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of junctions, it is reasonable that the, in general, observed higher
breakdown voltages for positive bias compared to negative bias
result from the expected oxygen distribution asymmetry.
Substrate
Ta 10
Ru 30
Ta 5
Ru 5
Co40Fe40B20   4
Co40Fe40B20   1.5
Ta 5
Ru 30
MgO 
Figure 28: Layer stack of in-
vestigated pseudo spin valve
MTJs
4.3.4 Dielectric and annealing stability of pseudo spin valve
The dielectric breakdown and annealing temperature stability of
a pseudo spin valve (PSV) is investigated here. The layer stack
of the investigated sample is shown in Fig. 28. In this study,
we fabricated [Co-Fe-B (4 nm)/MgO (2.1 nm) / Co-Fe-B (1.5 nm)]
PSV MTJ junctions with a relatively thin top electrode for different
coercive fields of the magnetic layers, and studied the evolution
of the MR loops and dielectric breakdown over high annealing
temperatures up to 500 o C.
The main advantage of a PSV over exchange biased MTJ is the
stacking structure without anti-ferromagnetic pinning layer such
as Mn-Ir, which makes it suitable for a very high annealing tem-
perature. This is needed to achieve a good crystallization of the
Co-Fe-B electrodes, the MgO barrier and especially of the interface
between them. The resulting room temperature MR loops for the
subsequently annealed PSV junction are shown in Fig. 29. A good
magnetic separation in the anti-parallel state of the two electrodes
was found at an annealing temperature of 350oC. This particular
sample exhibits the highest TMR ratio after annealing at 400oC.
Higher temperatures led to a decrease of the TMR. The strong de-
crease in these junctions might be related to Ta diffusion towards
the upper barrier interface. Surprisingly, at 500 oC, the behavior
of an MR loop completely changed, and nearly hysteresis free MR
loops were observed. This behavior is attributed to a transition of
the Co-Fe-B upper layer, from the original ferromagnetic state to a
superparamagnetic state. Based on micro-structural investigations
by transmission electron microscopy (see Fig. 30), we believe that
the thin Co-Fe-B layer breaks into magnetic clusters, which behave
superparamagnetically, at high annealing temperature.
In Figure 30 (a), the crystalline barrier, grains of crystalline Co-
Fe (crystallized Co-Fe-B), and very smooth interfaces are seen.
The tantalum shows no structure compared to Fig. 30(b) where
the tantalum is diffused completely into a magnetic layer, making
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Figure 29: (a-d) Room
temperature TMR Loop of
pseudo spin valve junctions
that were annealed at tem-
peratures between 250 - 450
oC. (e) A nearly hysteresis
free MR loop of PSV MTJ
was acquired at 500 oC.
5000-500
Applied field (Oe)
  Ta=250
o
C
Ta=400
o
C
 Ta=350
o
C
Ta=450
o
C
them amorphous56. We performed a time dependent dielectric56 S. Ikeda et al., Appl. Phys.
Lett. 93, 082508 (2008) breakdown measurement to investigate the dielectric reliability of
PSV junction as a function of annealing temperatures. An increas-
ing breakdown voltage in a parallel magnetic state with increas-
ing annealing temperature, most likely due to improvement in
the crystallinity of the Co-Fe-B electrode/ tunnel barrier interface,
was found for all junction areas. A typical behavior of VBD of 400
µm2 is shown in Fig. 31. The corresponding area-resistance prod-
uct of these junctions initially decreases with increasing annealing
temperature of up to 350oC , and might be due to an improvement
in the crystalinity of electrodes. After 350oC, a strong increase in
area-resistance gave a sign of strong Ta diffusion, in accordance
with our micro-structural investigation.
In contrast to the samples discussed previously that include
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Co-Fe-B
Co-Fe-B
MgO
Co-Fe-B
MgO
Ta diffused into Co-Fe-B
(a) (b)
Figure 30: High resolution
transmission electron micro-
graphs on 5 nm length scale
of pseudo spin valve junc-
tions that were annealed at
(a) 400o C and (b)500o C.
an Mn-Ir anti-ferromagnetic layer that pinned the hard electrode,
an improved dielectric reliability was shown (see Fig.31c), even
for the lowest annealing temperatures. This might be due to an
improved barrier interface. Moreover, the missing Mn-Ir layer in
PSV MTJ might also be the reason for this increase of VBD with in-
creasing annealing temperature. Furthermore, the current density
at the breaking point in PSV junction is much higher than ex-bias
MTJs of the same thickness, which favor our assumption that the
breakdown phenomenon is field dependent.
4.4 Analysis of the experimental data by theoretical models
This section gives a brief overview of the physical background of
general mathematical methods used to describe dielectric break-
down. Various mechanisms of dielectric breakdown across silicon
oxide in MOS capacitor have been proposed, which are all able
to portray data in some areas of the parameter space. In the his-
tory of MTJs, the dielectric breakdown was first investigated in
1998 by Wouter Oepts et al. 57. They analyzed their data of alu- 57 W. Oepts et al., Appl. Phys.
Lett. 73, 2363 (1998)minum oxide junction with different models proposed earlier for
SiO2. Here, we will analyze our breakdown data of MgO barrier
in terms of two specific forms of breakdown probability density,
i.e. using the E-model58 and the 1/E model59. Breakdown can 58 J. W. McPherson et al., J.
Appl. Phys. 84, 1513 (1998)
59 I. C. Chen et al., IEEE
Trans. Electron. Devices 32,
413 (1985)
be described as a statistical process. Full understanding requires
the investigation of large ensembles of nominally identical junc-
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Figure 31: (a) Breakdown
voltage as a function of the
annealing temperature of the
pseudo spin valve junction in
parallel magnetic state. (b)
The average RA product in
parallel magnetic states as a
function of Ta. (c) VBD differ-
ence of the PSV and exchange
coupled bottom pinned anti-
ferromagnetic Mn-Ir junc-
tions in a parallel state. (d)
Average current density of
PSV junctions at breakdown
point for different annealing
temperatures.
tions. The breakdown results can be characterized in terms of the
fraction F(t) of the ensemble that has shown breakdown at def-
inite time t and is related to breakdown rate f(t)=dF(t)/dt. The
breakdown probability density (also known as the failure rate), is
defined as the number of junctions that break between t and t+∆t,
per increment ∆t, as a fraction of those that survived to time t and
are mathematically written as60
60 M. Ohring, Reliability and
Failure of Electronic Materials
and Devices (Academic Press,
1998)
p(t) =
F(t + ∆t)− F(t)
∆t(1− F(t)) =
f (t)
1− F(t) (14)
By employing F(t) and its derivative, it is easy to show that p(t)=
− ddt (1 − F(t)) where, (1-F(t)) represents a fraction of non-failed
junctions. In the case of the time independent breakdown prob-
ability density, p(t)=p, once obtains (1-F)= exp(-pt), i.e., the non-
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failed junctions decay exponentially with time. The mean lifetime
of the junctions of an ensemble when p(t)=p is:
τ1/2 = ln(2)
1
p
(15)
In the literature, the microscopic mechanisms leading to break-
down are divided into two catagories: processes which lead to
a gradual change of atomic and electronic structure of the oxide,
finally followed by breakdown, and processes which occur as sin-
gle sudden events. In the first case, breakdown probability den-
sity at a certain time depends on voltage time history. In latter
cases, it only depends on voltage. When the breakdown voltage is
measured by the RVS method then breakdown probability density
implicitly depends on a time dependent voltage i.e. p(t)=P(V(T)),
and monotonically increases with increasing voltage. We than ex-
pect that there is a certain voltage, Vmax, at which the breakdown
rate is at a maximum as a function of time.
The electric field dependent breakdown probability density ac-
cording to the E model is given as
p(t) = Aexp
(
E(t)
B
)
(16)
and according to the 1/E model as
p(t) = Cexp
(
− D
E(t)
)
(17)
The prefactors A and C in eq 16 and 17 are proportional with the
junction area if the breakdown probability is independent of the
location on the junction area. The expression for Vmax at which
the breakdown rate is at the maximum for the E and 1/E models
is given accordingly as
Vmax = Bln
(
dV
dt
.
1
AB
)
(18)
and
Vmax = D
[
ln
(
V2max
C
D
)
− ln
(
dV
dt
)]−1
(19)
The details of equation 18 and 19 can be found in the Appendix A,
and the physical background of the models leading to equations
16 and 17 will be explained later in this chapter.
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Figure 32: Fits of breakdown
voltage according to break-
down probabilities of the E
and 1/E models. The bar-
rier thickness was (a) 1.8 nm
and (b) 2.1 nm in anti-parallel
states with negative biased
top electrodes. The junction
area was 225 µm2.
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For the 1/E model Vmax cannot be expressed in closed analyti-
cal form and is obvious from Eq.19. We have generally observed
a very small scattering of the breakdown voltage for our ensem-
ble of nominally identical MTJs. Therefore, the mean breakdown
voltage shown in all figures is assumed to be identical to Vmax.
In fig 32 we have plotted the ramp speed dependence on the
breakdown voltage data for 225 µm2 junctions. The parameters
defined in Eq. 16 and 17 can be extracted by fitting the models
according to Eq. 18 and 19 to the data. The results of the fits are
summarized in the table 4
A certain area dependence is also expected from eq 18 and 19.
As shown as a dotted line in Fig. 33, these area dependencies are
consistent with experimental data.
Although both models describe the experimental data very well,
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E model 1/E model
tB [nm] A [sec−1] B [V] C [sec−1] D [V]
1.8 2.61×10−28 0.028 1×1011 78.8
2.1 7.32×10−29 0.03 4×1011 87.55
Table 4: Fitting parameters
from breakdown probability
density of E and 1/E model
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Figure 33: Breakdown volt-
age dependence on the junc-
tion area in AP states for op-
timally annealed MTJ with
1.8 and 2.1 nm thick bar-
rier. The dotted lines repre-
sent the size dependence ac-
cording to (a)E model and (b)
1/E model
a large difference in extrapolated lifetime is found at lower bias
voltages between both models. Fig. 34 shows the extrapolated
lifetime curves for both models. At a typical operating voltage of
300 mV, the lifetime for MTJs with 1.8 and 2.1 nm thick barriers for
E model (1/E model) can be estimated to 1.8×109 (5.64×1042)and
1.4×1012 (6.64×1042) years, respectively. These extrapolated val-
ues suggest that the applicability of these junctions at low bias
voltage is not hindered by a short lifetime.
4.4.1 Microscopic models
In this section, the physical background of the theoretical mod-
els leading to Eq. 16 and 17 will be elucidated. The micro-
scopic origin of TDDB will be discussed and possible relevance
to the breakdown across MgO (MTJs barrier layer) is given. Gen-
erally, breakdown models were proposed originally for SiO2 layer
in MOS capacitors where measurements were conducted over a
thickness range of 15-40 nm. The voltage applied in the break-
down study was very high compared to the observed breakdown
voltage in our MgO based MTJs. Therefore, it is important to
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Figure 34: Extracted life time
as a function of applied volt-
age, for both E and 1/E mod-
els of (a) 1.8 nm and (b)
2.1 nm thick junction. A
large difference in extrapo-
lated lifetime is found at low
bias voltage.
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evaluate the applicability of these models in the thickness range
of our junctions. With respect to the history of the oxide break-
down mechanism, an empirical TDDB model61 was introduced in61 E. Anolick et al., IEEE
IRPS Proc. 17th Annual, 8
(1979); D. Crook, IRPS Proc.
17th Annual, 1 (1979); and
A. Berman, IEEE IRPS Proc.
19th Annual, 204 (1981)
the late 1970, which indicated that the logarithm of time to failure
is directly proportional to the electric field in the oxide.
ln(TF)α
∆Ho
kBT
− γE (20)
Where ∆Ho is the enthalpy of activation of the oxide breakdown,
and γ is the field acceleration parameter. This equation was first
introduced as an empirical relation but was later a thermochemi-
cal foundation and is commonly referred as the E-model62. Others62 J. W. McPherson et al., J.
Appl. Phys. 84, 1513 (1998) have suggested that the breakdown process is current driven and
ln(TF) should show a 1/E dependence. This is commonly referred
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to as a 1/E model63. These two models have been used to describe 63 I. C. Chen et al., IEEE
Trans. Electron. Devices 32,
413 (1985); J.lee et al., IEEE
Trans. Electron. Devices 35,
2268 (1988); and K. Schuegraf
et al., Semiconductor Sci. and
Tech. 9, 989 (1994)
the physics of dielectric breakdown and to predict lifetime. Fol-
lowing, the physics of these models is discussed.
4.4.2 The 1/E model
The 1/E model relates the dielectric breakdown to the current
induced hole generation when an electron finally reachs at the
anode. Early explanations for the current -induced damage of
oxides were based on the assumption that a fraction of the tun-
neling electrons reaching the anode were used to excite the deep
valance band electron to a state above the Fermi-level (impact ion-
ization), thereby creating a hot hole which tunnel back into the
oxide. This simple explanation had to be modified latter, when
operating voltage for the MOSFET device was reduced to below
5V. The motivation behind this modification occurred first, to ad-
dress the question of how an impact ionization can arise in the
SiO2 when the band gap of SiO2 is 8.9 eV and second, to extend
the 1/E model to lower voltages. It was hypothesized that the ac-
celerated electrons do not actually undergo impaction ionization
in the SiO2, but when they reach the silicon anode the thermaliza-
tion of these energetic electrons at the anode is believed to produce
hot holes which can then tunnel back into oxide, where they can
be trapped and create defects in SiO264. This mechanism of cre- 64 K. F. Schuegraph et al.,
IEEE IRPS Proc. 31st Annual,
p. 7. (1993)
ating defects is usually referred as the anode hole injection. This
model is therefore known as an anode hole injection model.
It is strongly believed that most of the holes are likely to pass
through the dielectric and are collected at the cathode. However, if
there is a weak bond (well above the valence bond), a hole can be
captured by the weak bond. The hole fluence is generally smaller
than the current density, and the probability of hole generation is
directly proportional to the applied voltage65. When hole tunnel- 65 R. Degraeve et al., IEEE
Trans. Electron. Devices 45,
472 (1998)
ing from the anode is in the Fowler-Nordheim regime, the tun-
nel hole current is proportional to E2exp(−DE ), with parameter D
(hole generation coefficient) independent of the electric field E. As
the density of the holes at the anode is proportional to the current
density, the breakdown probability density is give by
68
p(E) = CJ(E)E2exp(−D
E
) (21)
where C is a constant. It is strongly believed in the reliabil-
ity community that the breakdown probability density p does not
depend explicitly on time t for the case of an ultra-thin oxide.
Ultra-thin oxide creation of only one trap is sufficent for trigger-
ing a breakdown, and evidence of this has been reported by De-
grave et al.66 The model claims that the rate of oxide damage is66 R. Degraeve et al., Mi-
croelectron. Reliab. 36, 1639
(1996)
proportional to the hole generation rate and breakdown occurs
when a critical amount of damage has been reached. Therefore,
the field dependence of the prefactor of the exponential factor is
often neglected. Under this approximation Eq. 21 reduces to Eq.
16. Our experimental data of the breakdown dependence on the
ramp speed fit nicely using Eq. 16, although the tunneling current
density is not explicitly taken into account. However, if the tunnel
current is taken into account, the oxide damage rate is propor-
tional to J(E)κ(E), where J is the oxide tunneling current and κ
is the number of holes created by each tunneling electron. Taking
κ to be equal to κoexp(−DE ) 67 and J to be Aexp(− BE ) (the E2 the67 M. Knoll et al., J. Appl.
Phys. 53, 6946 (1982); and
I. C. Chen et al., IEEE Device
Letter 3, 164 (1986)
term in the Fowler-Nordheim model is ignored for simplicity), we
can obtain a simple expression for time to the breakdown (tBD) as
follows:
tBD = τoexp(
G
E
) = τoexp(
Gd
V
) (22)
Where G= B+D, the sum of the exponential factors in the F-N tun-
nel current and the impact ionization coefficient and τo is a con-
stant depending on material properties. When VBD is measured
by the RVS method with a constant ramp speed dV/dt, then the
estimation of the voltage at which breakdown occurs is given by6868 E. Rosenbaum et al., IEEE
Trans. Electron Devices 43, 70
(1996)
VBD ∼=
√
dV
dt
Gτod exp(
Gd
VBD
) (23)
As shown in Fig.35, there is a good agreement between experi-
mental results and theoretical projection given in Eq. 23 using the
parameter values listed in table 5
Since the ramp breakdown voltage can be projected to tBD for a
given voltage by using Eq. 22 no significant difference was found
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Figure 35: The breakdown
voltage dependence on ramp
speed for MTJs with barrier
thickness of (a)2.1 nm and (b)
1.8 nm. The solid line rep-
resents the theoretical projec-
tion of Eq. 23 that includes
F-N tunnel current and hole
fluence due to thermalization
of hot electron at anode.
tB [nm] τo [sec] G [MV/cm]
1.8 1.19×10−17 398.55
2.1 1.15×10−18 398.9
Table 5: Fitting parameters
when F-N current is included
in the breakdown probability
density of 1/E model
in the expected lifetime of MTJs was observed when compared
with the lifetime projection in the range 0− 2.5 V using equ. 4.7
from the Oept’s analysis. Both approaches yield nearly the same
lifetime at a higher field region (see inset of Fig. 36).
In spite of the good fit as obtained using both approaches, we
could not get strong physical arguments in favor of the 1/E model
or E-model when applied to our junctions. The facts that confront
the legitimacy of the 1/E model as applicable to our junctions
are: First, for the case of the ultrathin barrier, the hole tunneling
back into the oxide is not expected to be in the Fowler-Nordheim
regime, as the range of the applied voltage is less than the height
of the barrier. This invalidates the exponential factor in Eq. 16
and 21. Second, the energy of the holes created, which is almost
equal to the energy of the tunneling electron, is much less than
the height of barrier so that a direct tunneling of hole is expected
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Figure 36: Comparison of
the extracted lifetime of a
2.1 nm thick junction accord-
ing to the 1/E model by us-
ing equation 22 and 4.7. In-
set shows the extracted life-
time at higher voltages where
accelerated tests were per-
formed.
and becomes extremely unlikely. In an ultra thin oxide regime, the
mechanism of hole creation is not clear, but for the same reason
Dimaria et al. have reported that for a SiO2 based system, the hole
tunneling does not occur for applied voltage over a barrier below
a certain threshold value, VTH ≈ 5V69. However, for ultra thin69 D. J. DiMaria et al., J. Appl.
Phys. 80, 304 (1996) films it has been found that the defect generation occurs below
this threshold voltage. The rate at which defects are generated are
statistical in nature and the rate drops several orders of magnitude
as applied voltage decreases70. Third, we follow the assumption70 D. A. Buchanan et al.,
Appl. Phys. Lett. 65, 1820
(1994)
that the thermalization of the hot electron at the anode produces
hot holes which tunnel back into the oxide, where they can be
captured and create defects. Then, in case of the PSV, the higher
current would produce more holes compared to exchange biased
junctions showing a higher area-resistance product and would re-
sults in a lower breakdown voltage. However, it was found that
the current density at the breakdown point has not a strong im-
pact on the breakdown process. The PSV junctions show higher
current densities together with higher breakdown voltage com-
pared to exchange biased junctions. In light of these facts, we are
persuaded that the 1/E model is not relevant to the breakdown
process of our junctions.
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4.4.3 The E model
The E-model relates breakdown to the field-induced displacement
of atomic bonds in the oxide barrier. Using the concept of thermo-
dynamic free energy consideration, McPherson71 and Kimura72 71 J. W. McPherson et al., J.
Appl. Phys. 84, 1513 (1998)
72 M. Kimura et al., J. Appl.
Phys. 85, 7671 (1999)
developed a thermodynamical model for dielectric breakdown.
Accordingly, when the dielectric is subjected to an electric field,
there is a net dipole moment induced which causes a bond dis-
tortion. The field-induced strained bond is expected to introduce
strong anharmonic coupling with the lattice. The anharmonic cou-
pling allows the strained bond to interact with thermal phonons,
increasing the probability of breakdown. The intrinsic failure is
thus associated with the physical properties of the oxide and its
variation of structures and compositions. Oxides like Al2O3 or
MgO are ionic in nature. The bonds in these oxides are very po-
lar, e.g. in SiO2, 60 -70 % of the binding electronic charge is shifted
from the silicon to the oxygen atom resulting in a large dipole mo-
ment. Significant bond distortion occurs when an electric field is
applied because the permanent dipole parallel to the field must
grow (by localized lattice distortion) at the cost of the dipole ori-
ented in the opposite direction to the field. If the distortion leads
to a bond angle above or below a critical value, the oxygen atom
will be displaced and this defect is believed to be the precursor
of a breakdown, which will occur when a certain critical density
of broken bonds is reached. It is known that for the local elec-
tric field, that a molecular bond will experience an electric field
equal to the externally applied field plus the dipolar field due to
polarization and can be expressed as: Eloc=(1+Lχ)E, in which L is
a Lorentz factor and χ is the electric susceptibility. A molecular
model representation of what happens inside the dielectric when
an electric field is applied is shown in Fig. 37 73.
73 J. W. McPherson et al., J.
Appl. Phys. 88, 5351 (2000)
It is evident from the Fig. 37 that in the absence of electric
fields all dipoles are in same degenerate state Eo. When the field
is applied, the degeneracy is partially removed, with the dipoles
oriented parallel to the field at much lower energy levels E1 rel-
ative to those being oriented anti-parallel to the field at energy
level E2. In an effort to lower the dipolar energy and minimize
the free energy of the system, dipole flipping to energy state E1
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Figure 37: E-model show-
ing how the dipolar degen-
eracy is partially removed by
the electric field: (a) Prior to
switching of the field (b) once
the field is applied, dipoles
oriented parallel to the field
have significantly lower en-
ergy than those oriented in
an anti-parallel state; and (c)
some of the dipoles will flip
to an orthogonal orientation
relative to the field and this
is only possible after bond
breakage. An activation en-
ergy ∆H∗=∆H∗o -aE must be
supplied thermally for bond
breakage.
Eo
E1
E2
Eo+P*.Eloc
Eo-P*.Eloc
E1
E2
Eo
E3
∆H*=∆Ho*-  P*.Eloc
(a)No Field          (b) Field (c) Field + Broken Bond
is expected. The dipolar energy reduces the activation energy for
bond breakage. This would results the dipole flipping in order to
minimized the free energy of system and is shown in Fig . 37(c).
This type of flipping from E2 to E3 state is possible only by bond
breakage. Thus, from the presence of an electric field parallel and
anti-parallel to the two dipole moments, the contribution from the
two dipoles to the total energy is decreased and increased, respec-
tively, by an energy p∗.Eloc where p∗ is the dipole moment . This
energy helps to lower the activation energy for a collapse of anti-
parallel dipoles, resulting in the creation of localized electronic
defects which give rise to the failure of an oxide. The average
time to breakdown due to this process is given by:
TF(E) = Aoexp
[
∆H∗o − p∗.Eloc
kBT
]
= Aoexp
(
∆Ho
kBT
)
exp (−γE)
(24)
The details of equation 24 can be found in Appendix B. By assum-
ing that the breakdown probability is independent of time, one
can obtain an expression for the breakdown probability density
that was used by Oepts in their analysis of breakdown measure-
ments i.e. equation 16. The parameter A in Eq. 16 is generally
known as attempted frequency (further details in Appendex B)
and is proportional to the junctional area. The parameter B is the
activation voltage and is related to the field acceleration parameter
γ by the relation γ = dB , where d is oxide thickness. An extensive
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study on silicon oxide has been carried out to check the validity of
this model by Kimura and it was found that this model provides
a good fit to experimental data. The E versus 1/E controversy has
continued for many years due to the fact that either model can fit
TDDB rather well over limited field ranges. However, there have
been several long term low-field TDDB studies published for SiO2
based capacitor showing that the E model provides a superior fit
to the TDDB data, specially at lower fields 74. The breakdown 74 J. McPherson et al., IEEE
IEDM. 98, 171 (1998);
J. Suehle et al., IEEE Trans.
Electron Devices 44, 801
(1997); and A. Yassine et al.,
IEEE Electron Device Lett.
20, 390 (1999)
processes based on the E-model are simple and it is basecally im-
possible for any ionic material to avoid the effect of stress by the
local electric field. Magnesium Oxide (MgO) is more ionic than
SiO2, which leads to a higher dipole moment in the MgO struc-
ture and to a higher value of the field acceleration parameter γ.
From the fit to our experimental data of a 1.8 nm thick junction,
we found B=0.028 V corresponding to field acceleration parame-
ter γ= 6.43× 10−8 m/V. This value is approximately a factor of 2
higher than the value for SiO2 obtained from the Kimura data75. 75 M. Kimura et al., J. Appl.
Phys. 85, 7671 (1999)An important additional consideration in favor of the applicabil-
ity of the E model is the fact that there is no threshold value, so
that it can be applied at the lower voltages at which we observed
breakdown.
4.5 Conclusion
We have investigated the dielectric breakdown in MgO-based mag-
netic tunnel junctions with Co-Fe-B electrodes. Breakdown mea-
surements under positive and negative bias were carried out for
MTJs with barrier thicknesses of up to 5.0 nm. When compar-
ing the results for the two bias directions, we found a striking
difference: for a positively biased top electrode a larger break-
down voltage was generally observed. This points to an inho-
mogeneous defect distribution in the barrier. With respect to the
annealing temperature, both the TMR as well as the breakdown
voltage show a distinct maximum at 350 oC . Possible reasons for
the decrease of breakdown voltage with further increasing anneal-
ing temperature were discussed. Finally, we have analyzed our
data with the models proposed for a SiO2 breakdown in SiO2. For
a certain barrier thickness, good fits are possible within both the
74
E and 1/E model for the breakdown probability density. The re-
sulting fitting parameters of both models for dielectric breakdown
were consistent with the ramp speed as well as the junction area
dependence of the breakdown voltage. Extrapolation of lifetime
curves of our junctions to lower voltages as obtained from the fits
to the experimental data, suggest that the breakdown will not be
a limiting factor upon applying these junctions in the next gener-
ation of memory devices.
The contents of this chapter has been published in the Journal
of Applied Physics76 in 2008 and 2009.76 A. A. Khan et al., J. Appl.
Phys. 103, 123705 (2008); and
A. A. Khan et al., J. Appl.
Phys. 105, 083723 (2009)
5
Temperature Dependence of the Tun-
nel Magnetoresistance
5.1 Introduction
Much interest has been focused on the study of magnetic tun-
nel junction in view of their potential technological applications
since the successful experimental realization of significant magne-
toresistance at room temperature77. The tunnel magnetoresistive 77 J. S. Moodera et al., Phys.
Rev. Lett. 74, 3273 (1995)effect (TMR) is such a spin-polarized electronic transport effect,
the MTJ devices change their resistance depending on the orien-
tation of the magnetic moment of ferromagnetic electrodes. How-
ever, the TMR ratio in MTJs decreases with increasing applied
voltage and temperature. With respect to the TMR temperature
dependence, it was first noticed by Shang et al.78 that the temper- 78 C. H. Shang et al., Phys.
Rev. B 58, R2917 (1998)ature dependence of the TMR for MTJs greatly exceeded that for
non-magnetic junctions with nominally identical barriers. Shang
et al. explained these results within a simple phenomenological
model, in which it was assumed that the tunneling spin polar-
ization P decreases with increasing temperature due to spin wave
excitation as does the surface magnitazation. They assumed that
both the tunneling spin polarization and the interface magnetiza-
tion followed the same temperature dependence, the well known
Bloch T3/2 law, i.e., M(T)=M(0)(1-α T3/2). In the same year Mac-
Donald et al.79 provided a theoretical justification for these ideas, 79 A. H. MacDonald et al.,
Phys. Rev. Lett. 81, 705 (1998)especially emulating the proportionality between M(T) and P(T),
though the microscopic origin was slightly different than that con-
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sider by Shang et al.
Many theoretical explanations of the TMR effect of MTJs are
based on model calculations performed for zero temperature and
in the limit of a zero bias voltage. Under these conditions, only
those processes are included in which the spin of the conduction
electron obey laws of conservation of energy and momentum. The
net conductance can than be calculated by the summation of in-
dividual conductance contributions of all incident electrons. In
an elastic tunneling process, each incoming electron has a single
corresponding transmitted electron state. Also only the electrons
with energy at the Fermi level will contribute to the tunnel cur-
rent, since only those empty electron states are available in the
counter electrode for tunneling. This limits the electron conduc-
tance contribution because the number of available states for each
incident electron to tunnel into the counter electrode is restricted.
At elevated temperatures or at non-zero bias voltages, however,
these assumptions may not be completely valid. The occupation
probability of electron states changes with the rise of temperature
around Fermi-level, which can be determined by Fermi statistics.
The obvious effect of non-zero bias voltage is the change of the
form of the barrier (due to change in the position of the Fermi
level) and a change of the kinetic energy of transmitted electron
compared to that of the incident electron.
In addition to this, at finite temperatures inelastic processes be-
come possible, for which the difference of initial and final energy
of the tunneling electron is released as excitation of phonons and
magnons, or gained by their absorption. These scattering events
lead to new conductance channels. With respect to the TMR am-
plitude it is of special importance whether new current channels
are spin conserving or not. As phonon excitation conserves spin
and the resulting conductance channel will have a large influence
on TMR. Magnon excitation or absorption leads to a spin flip and
thus reduces the TMR80. As a result of the additional degree of80 S. Zhang et al., Phys. Rev.
Lett. 79, 3744 (1997) freedom offered by excess energy, the number of final state avail-
able for electron tunneling increases. These inelastic conductance
contributions can be visualized by spectroscopic techniques called
inelastic tunneling spectroscopy (IETS), as will be discussed in
chapter 6. The model presented by Zhang at el. is based on a
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two dimensional spin wave excited by tunneling electrons at the
insulator ferromagnet interface. They performed a transfer Hamil-
tonian calculation of the inelastic tunneling conductance resulting
from the absorption or emission of spin waves during the tun-
neling process at elevated temperatures. Han at el.81 further ex- 81 X.-F. Han et al., Phys. Rev.
B 63, 224404 (2001)tended this model to explain the TMR temperature dependence
of AlO based MTJs by introducing a lower energy cutoff Ec to get
a finite number of excited magnons at a non-zero temperature.
Finally, the localized states in the barrier led to new current
channels such as resonant tunneling or inelastic hopping via a
chain of localized states82,83. Depending on the barrier thickness, 82 Y. Xu et al., Phys. Rev. B 52,
2843 (1995)
83 Y. Lu et al., Phys. Rev. Lett.
102, 176801 (2009)
on the distribution of the electronic states localized in space and
energy, and on the temperature and bias voltage, the relative con-
tribution of these additional channels to the total conductance of
an MTJ may range from negligible to dominant. The inelastic
hopping conductance via chains of localized states might not be
spin conserving and thus reduces the TMR with the increase of
temperature and/or bias voltage. No theoretical descriptions of
the strong temperature dependence of MgO based MTJs includ-
ing the unpolarized hopping conductance via chain of localized
state have been done so far.
In this chapter, we present a systematic study of the area resis-
tance (RA) product and the TMR in Co-Fe-B/MgO/Co-Fe-B MTJs
showing a maximal TMR of about 300% as a function of temper-
ature and bias voltage. We will first describe the experimental
results of our MTJ (section 5.1) followed by a microstructural in-
vestigation of our samples (section 5.2). In section 5.3 we will com-
pare our experimental data with theoretical models. We show that
in addition to direct spin-polarized and magnon-assisted tunnel-
ing dominating the transport for a barrier thickness of 1.8 nm, the
relative contribution of inelastic, unpolarized hopping becomes
much more important with increasing barrier thickness. In the
last section conclusion is given.
5.2 Experimental results
The resistance area product in the parallel (anti-parallel) magnetic
state RAp(RAAp) and the TMR of typical MTJs acquired at 15K
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and 300 K with a bias voltage of 5 mV are listed in Table 6.
Table 6: Typical resistance
area product in the paral-
lel and anti-parallel magne-
tization state and the cor-
responding TMR measured
with a bias voltage of 5 mV at
15 K and 300 K, respectively.
@ 15K
tB [nm] RAP RAAP TMR
1.8 110 KΩ− µm2 421 KΩ− µm2 283 %
2.1 346 KΩ− µm2 1.34 MΩ− µm2 287 %
3.0 77.2 MΩ− µm2 311 MΩ− µm2 303 %
4.0 27.5 GΩ− µm2 108 GΩ− µm2 293 %
@ 300K
1.8 105 KΩ− µm2 291KΩ− µm2 177 %
2.1 312 KΩ− µm2 843KΩ− µm2 170 %
3.0 44.5 MΩ− µm2 76.7MΩ− µm2 72.4 %
4.0 7.13 GΩ− µm2 8.69GΩ− µm2 21.9 %
These MTJs will be analyzed in detail with respect to their temper-
ature and bias voltage dependence below. Exemplary TMR loops
for tB=1.8 and 4.0 nm measured at 15 and 300 K are shown in Fig.
38
The low temperature TMR is very similar for all barrier thick-
nesses, but the TMR temperature dependence becomes stronger
with increasing tB. The TMR for a sample with tB=1.8 nm drops
from 282% at 15K to 178% at RT, a decrease from 295% down to
22% is observed for sample with tB=4.0 nm. A sample with tB=2.1
Figure 38: Typical depen-
dence of the current on the
applied magnetic field ac-
quired with 5 mV bias volt-
age measured at 15 and 300
K for tB=1.8 and 4.0 nm.
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nm behaves very similar to a sample with tB=1.8 nm, a sample
with tB=3.0 nm displays an intermediate behavior (303% at 15K to
72.4% at RT). This strong TMR temperature dependence is evident
from Fig. 39(b).
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Figure 39: (a) Typical normal-
ized bias voltage dependence
of the TMR for tB=1.8-4.0 nm
measured at 15K and (b) typ-
ical normalized TMR temper-
ature dependence measured
with 5mV bias voltage.
With respect to the TMR temperature dependence, it is worth
noting that the generally found reduction of RA products for el-
evated temperature is always larger for anti-parallel than for par-
allel magnetic state (see Fig. 40).
Whereas Rp is reduced by a factor of 1.05 only for tB=1.8 nm
between 15K and RT, it goes down by a factor of about 15 for
tB=5nm. Please note that the latter sample showed such a high re-
sistance that it was required to apply a bias voltage of more than
300 mV at low temperature to measure currents above the noise
80
Figure 40: Typical ratio of
the junction resistance at
low temperature and at RT
for anti-parallel and parallel
magnetic state as a function
of barrier thickness. The low
temperature resistance value
for tB=4 nm was estimated
as described in the text, the
corresponding RT values was
extracted by fitting an IV
curve (±100 mV) by a linear
function.
12
10
8
6
4
2
0
R
A
P
,
P
[
1
5
K
]
/
R
A
P
,
P
[
R
T
]
4.03.53.02.52.0
Barrier thickness (nm)
 Anti-parallel state
 Parallel state
level of our experimental setup (about 8pA peak-to-peak). There-
fore we could not measure the RAP of this sample directly. Instead,
we have estimated its RA product to be about 30TΩµm2 by mea-
suring a low temperature IV curve (bias voltage range: ±500 mV)
for sample with tB=5nm and scaling it by a factor of 103 to fit the
IV curve of a sample with tB=4.0nm in the parallel magnetic state.
The corresponding resistance of the sample with tB= 5.0 nm at RT
was still too high to be measured directly with 5mV bias voltage,
but a value of 2TΩµm2 could be extracted by fitting an IV curve (±
100 mV) by a linear function. As expected for quantum mechani-
cal tunneling, the low temperature RA product depends exponen-
tially on the barrier thickness: by fitting the logarithm of RA with
a linear function (ln[RAP(tB)]= γ + αtB) an exponential prefactor
of α= 6.1 ± 0.2 nm−1 was found which matches quite well with the
data of Yuasa et. al.84 (α= 6.41nm−1) who deposited their MgO84 S. Yuasa et al., Nat. Mater
3, 863 (2004) barriers by electron beam evaporation instead of RF sputtering.
The low temperature bias voltage dependence of TMR (see Fig.
39(a)) shows the same trend as the TMR temperature dependence,
it becomes much stronger with increasing barrier thickness. Par-
ticularly, the TMR of sample with tB=4.0 nm nearly vanishes for
bias voltage |V| ≥ 500 mV. We could not measure any TMR for a
sample with tB=5.0 nm, but this is reasonable: taking the result for
the thinner MgO barriers into account, it can be assumed that the
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TMR bias voltage and temperature dependence for tB=5nm is at
least as large as for tB=4nm. Therefore the minimum bias voltage
and/or temperature required to get a fair current is so large, that
the TMR must be expected to vanish at these minimum values.
Another possibility to decrease the absolute resistance of an MTJ
to prepare much larger junctions. However, it was not possible to
increase the junction size sufficiently (by a factor of about 1000),
since all of these extremely large MTJs samples with tB=5.0 nm
showed extrinsic shorts. However, the TDDB study of junctions as
discussed in previous chapter, substantiate the dielectric stability
of the oxide which conserved at least up to tB=5.0 nm.
5.3 Microstructural investigation
To understand the origin for the different bias voltage and temper-
ature dependences for different MgO thickness, microstructural
investigations have been performed for tB=2.1 and 4.0 nm. The
transmission electron micrographs of Figs. 41(a) and 41(c) show a
good morphology of the MTJ structures with quite smooth inter-
faces in the overviews.
The enlarged HRTEM images in Figs. 41(b) and 41(d) indicate
partial crystallization of Co-Fe-B during the postannealing at 350o
C.85 The MgO tunnel barrier grown on the Co-Fe-B layer showed 85 G. Eilers et al., J. Appl.
Phys. 105, 073701 (2009)a good crystalline structure. Moire fringes are observed that point
to growth in 5-20 nm sized epitaxial columns with small tilting
angles out of plane of the MgO (001)-oriented crystallites.86 The 86 G. X. Miao et al., Appl.
Phys. Lett. 93, 142511 (2008)crystal lattice of the MgO can be clearly identified from the lower
interface up to the upper interface for both samples. Therefore,
the tunnel barrier and the electrode-barrier interfaces of both junc-
tions seem to be of almost the same quality, in accordance with
the similar low-temperature/low bias voltage TMR amplitudes of
both samples and with the linear barrier thickness dependence of
the dielectric breakdown voltage.
However, the HRTEM investigations do not give any informa-
tion on the density of the localized electronic defect states in the
barrier. As RF sputter deposition from an MgO target is used
where the deposition condition are constant throughout the full
layer and as the barrier seems to be homogeneous in the HRTEM
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Figure 41: Transmission elec-
tron micrographs of mag-
netic tunnel junctions. (a)
and (c) Low magnification
image for tB=2.1 and 4.0 nm.
(b) and (d) High resolution
images for tB=2.1 and 4.0 nm.
images, it can be assumed that the number of defects per unit vol-
ume is constant in first order. The influence of defect states on the
transport properties will be discussed in the next section.
5.4 Theoretical models
In this section, three conspicuously different model proposed in
the literature for the mechanism of this TMR temperature depen-
dence are discussed. The present discussion is based on the ex-
perimental results for the prepared MgO based MTJs. For these
the temperature dependent behavior is different compared to Al-
O based junctions. This gives reason to compare different models,
which leads to the selection of a physically reasonable model.
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5.4.1 Shang model
For a typical AlO based junction, the temperature dependence
was first analyzed using a model proposed by Moodera et al.87 87 J. S. Moodera et al., Phys.
Rev. Lett. 80, 2941 (1998)and in more detail by Shang et al.88 This model, based on Jul-
88 C. H. Shang et al., Phys.
Rev. B 58, R2917 (1998)lière’s model
89, has a direct temperature dependent spin polar-
89 M. Julliere, Phys. Lett. 54A,
225 (1975)
ization of the ferromagnetic electrodes. The conductance G of the
tunnel junction is assumed to consist of two independent conduc-
tion channels: a contribution Gd due to direct tunneling and a
contribution GUP due to un polarized tunneling via defect states
in the oxide barrier. The latter contribution was assumed to be
phonon assisted and therefore absent at zero K. It was assumed
that the only direct tunneling contribution depends on the angle
θ between the magnetic moment of the two electrodes. Thus the
conductance is written as:
G(θ) = Gd(θ) + GUP (25)
with
Gd = GT × (1+ P1P2cosθ) (26)
where P1 and P2 is the effective tunneling electron spin polariza-
tion. and prefactor GT is the average direct elastic conductance
for parallel and anti-parallel alignment of the electrode magneti-
zation. The elastic direct tunnel conductance varies slightly with
T due to a broadening of the Fermi distributions in the electrodes.
The relative increase of the direct elastic conductance with increas-
ing temperature has been calculated and is given by90 90 R. Stratton, J. Phys. Chem.
Solids 23, 1177 (1962)
GT(T)
Go
=
CT
sin(CT)
(27)
where Go is the conductance at zero temperature and C is give
by C=1.387 × 10−4 d/√φ, with the barrier width d in and an
average barrier height φ in eV. They assumed that P decreases
with increasing temperature due to spin-wave excitation (Bloch’s
law),
P(T) = Po(1− αT3/2) (28)
where α is material-dependent constant, and Po is the full effective
spin polarization at T=0 K. If only direct tunneling is taken into
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account, then the conductance in parallel and anti-parallel states
for our MTJs (P1 = P2) can be given as:
GP = GT(1+ P2) = GT(1+ P2o (1− αT3/2)2) (29)
GAP = GT(1− P2) = GT(1− P2o (1− αT3/2)2) (30)
Here GT is the coefficient for direct tunneling and is considered
to be constant. It is easily seen from equation 30 that the anti-
parallel conductivity increases with rising temperature. In the
parallel case, the conductivity is falling with temperature. But im-
pressively a small increase of the conductivity in a parallel state
with rising temperature is found in magnetic tunnel junctions9191 J. Schmalhorst et al., Phys.
Rev. B 68, 224437 (2003) with Al-O barrier. To explain these results, an additional unpolar-
ized term GUP is introduced to the model (see Eq. 25). This ad-
ditional conductance must have a temperature dependence which
shows a strong increase in conductivity to compensate for the ba-
sic dGP/dT < 0 behavior. Shang et al. proposed that this addi-
tional contribution could be from electrons hopping through lo-
calized states. This would also fit with the observed power law
dependence on the temperature.
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Figure 42: Typical tempera-
ture dependence of conduc-
tance for tB= 1.8 after nor-
malization by conductance at
15K
However, this model cannot hold for MgO based junctions be-
cause of the very small overall change of conductance in the par-
allel state as shown in Fig. 42. If different junctions with high
TMR ratios are investigated, the model gives a larger temperature
dependence of the conductivity in both magnetic states. There-
fore, the spin-independent term in this model must also be larger
to compensate for the stronger basic dGp/dT < 0 tendency. One
would assume that a larger TMR ratio is linked to a junction of
better quality with regard to barrier structure and magnetism. A
spin independent term has the tendency of lowering the TMR and
is a sign of an inferior quality barrier. Then it would be very un-
likely that a spin independent term could be higher in a magnetic
tunnel junction with higher TMR, especially in the case of a thin-
ner barrier. Therefore, this model is not able to give a complete
physical explanation of the temperature dependence of TMR for
the MgO based MTJs.
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5.4.2 Magnon assisted tunneling model
A second model on the dependence of TMR on the temperature
was developed by Zhang et al.92 This theory is based on two di- 92 S. Zhang et al., Phys. Rev.
Lett. 79, 3744 (1997)mensional spin waves excited by tunneling electrons at the inter-
face between the insulating barrier and the ferromagnet electrode.
This model was extended later by introducing a lower energy cut-
off Ec to get a finite number of excited magnons at a non-zero
temperature.93 It also provide an explanation for the dependence 93 X.-F. Han et al., Phys. Rev.
B 63, 224404 (2001)of TMR on the applied bias voltage. A surface magnon can be
emitted or absorbed by a tunneling electron, opening additional
conductance channels. Because of angular momentum conversa-
tion, the spin of this electron has to be flipped and it contributes to
another spin-channel. Therefore the overall conductance is always
a mixed state of both magnetic alignments of the ferromagnetic
electrodes if magnons are excited which leads to reduce the TMR.
Drewello et al.94 extended this model by introducing ther- 94 V. Drewello et al., Phys.
Rev. B 77, 014440 (2008)mal smearing and applied it successfully to MgO-based MTJs al-
though coherent tunneling is not explicitly taken into account in
this model. The motivation for the extension was the very general
experimental result, that the temperature dependence of the re-
sistance in the parallel state in MgO-based junction was so small,
that the additional increase in conductance due to a broadening
of the Fermi level when the temperature of the junction increases,
could not be neglected. However, this effect could be neglected for
AlO based junction with strong temperature dependence caused
by other effects. The total conductance for a given temperature T
and bias voltage V is described as a sum of the contributions from
direct elastic tunneling and from magnon-assisted tunneling, the
conductance can be written as :
Gγ(V, T) = Gγdir(V, T) + G
γ
mag(V, T) (31)
Where γ =(AP,P) describes the magnetic state of the MTJ, Gdir(V,T)
is the direct elastic tunneling conductance and Gmag(V,T) is the
magnon-assisted inelastic conductance. The TMR amplitude is
defined as TMR(V,T)=(GP(V,T)-GAP(V,T))/ GAP(V,T). Taking ther-
mal smearing into account the temperature dependence of the to-
86
tal conductance in the limit of zero bias is then given as:
Gγ(0, T) = Gγ(0, 0)
CT
sinCT
[
1+ Qβγln
(
kBT
Ec
)]
(32)
In Eq. 32 C characterize the strength of thermal smearing. Ec
is the lower magnon cut-off energy and parameter βγ is defined
as βP=2SkBTξ/Em and βAP=2SkBT/ξEm for the parallel and anti-
parallel magnetic configuration respectively, with S being the spin
parameter and Em is related to Curie-temperature TC of the ferro-
magnetic electrode. ξ is the ratio of conductance in both states ξ
=GAP(0,0)/GP(0,0)=RP(0,0)/RAP(0,0). The parameter Q describes
the probability that magnons are involved in the tunneling pro-
cess, it directly depends on the ratio of the squares of the transfer
matrix elements for direct (Td) and magnon-assisted transfer(T J):
Q=[(
∣∣∣Td∣∣∣2/∣∣T J∣∣2)+2S2]−1. The bias voltage dependence of the TMR
in the limit of zero temperature is given accordingly as
TMR(V, 0) = TMR(0, 0)−Q SeV
Em
RAP(0, 0)
RP(0, 0)
(
1
ξ
− ξ
)
(33)
As mentioned above the temperature and bias voltage depen-
dence becomes much stronger with increasing barrier thickness.
Further, it was not possible to fit the data for TB=2.1, 3.0, and 4.0
nm self-consistently by Eqs. 32 and 33 only we will come back
to this point below. Therefore, we propose to take an additional
unpolarized conductance GUP(V,T) into account, which will lead
to very reasonable results. For this, Eq. 31 is amended by an
additional term,
Gγ(V, T) = Gγdir(V, T) + G
γ
mag(V, T) + GUP (34)
In contrast to the TMR, it is obvious that the difference ∆G(V,T)
between the total conductance in the parallel and in the anti-
parallel state is not changed by this additional unpolarized term.
In the limit of zero bias it is given by
∆G(0, T) =
CT
sinCT
{
[GP(0, 0)− GAP(0, 0)] + 2QSkB
Em
T[
ξGP(0, 0)− G
AP(0, 0)
ξ
]
ln
(
kBT
Ec
)}
(35)
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Figure 43: Typical tempera-
ture dependence of ∆G for all
four samples with tB= 1.8, 2.1
nm (a) and 3.0, 4.0 nm (b).
The red solid lines are the fits
according to Eq. 35.
The self-consistent fitting procedure of our data will now be
described. Eq. 35 was used to fit ∆G(0,T) for all four samples
simultaneously (see Fig. 43) under the constraint that the measured
bias voltage dependence of the TMR (average of data for positive
and negative bias voltage) for tB=1.8 nm is reproduced best by Eq.
33 for this barrier thickness it is known that the magnon-assisted
tunneling model can nicely explain the temperature and the bias
voltage dependence of the TMR,95.
95 V. Drewello et al., Phys.
Rev. B 77, 014440 (2008)
MgO thickness QS/Em [eV−1]
1.8 nm 0.035± 0.006
2.1 nm 0.029 ± 0.005
3.0 nm 0.034 ± 0.006
4.0 nm 0.050 ± 0.009
Table 7: Parameters for fitting
∆G(0, T) of all four sample
by Eq.35 under the constraint
that the bias voltage depen-
dence of the TMR of sample
with tB=1.8 nm, described
by Eq.33, is reproduced best.
Technically this was achieved
by fixing C′ to different val-
ues, fitting ∆G(0, T) for all
four samples simultaneously
and finally checking if the
corresponding QS/Em value
for sample with tB=1.8 nm
can reproduce the measured
bias voltage dependence of
the TMR at low temperature.
The best fit of the bias voltage
dependence of sample with
tB=1.8 nm and ∆G(0, T) for
all samples was achieved for
C′ = 6.85× 105K−1m−1. The
corresponding value for the
low energy cut off energy
was Ec = 0.16± 0.15meV.
Because of the very similar MgO-barrier interface quality in all
junctions (see Sec. III B) the low-energy cut-off energy Ec is ex-
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Figure 44: Fit of the re-
sistance in the parallel and
anti-parallel state of the MgO
based MTJs. The resulting fit
of the TMR is also shown on
the right. The magnon model
including thermal smearing
(Eq.32 and Eq.33) is used.
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pected to be identical for all samples. Furthermore, C is expected
to show the mentioned linear dependence on the barrier thickness
tB and can therefore be rewritten as C = C′ × tB with C′ being
identical for all samples. Furthermore, we use individual values
of QS/ Em for all samples to account for a possible thickness de-
pendence of this parameter describing the magnon-assisted pro-
cesses. The results of the self-consistent fits are summarized in
table 7
It is important to mentioned here, that the extracted C′ value
corresponds to a mean barrier height of 4.1 eV which is close to
the half of the MgO band gap of 7.8 eV.96 This gives additional
96 R. C. Whited et al., Sol.
St. Communications 13, 1903
(1973)
support for the self-consistency of our model.
For tB=1.8 nm the fitting parameters given in Table 7 can be
inserted in Eq. 32 to reproduce the total conductance GP,AP(0,T)
in the parallel and the anti-parallel state very well [see gray lines
in Fig. 43]. This shows that direct spinpolarized and magnon-
assisted tunneling dominates the transport for a barrier thickness
of 1.8 nm.
For tB≥ 2.1 nm the experimental data for GP,AP(V= 0,T) cannot
be reproduced in this way, an additional temperature dependent
current contribution needs to be taken into account. Because the
magnon-assisted tunneling model can self-consistently reproduce
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Figure 45: Typical tempera-
ture dependence of GUP(0,T)
for (a) tB=2.1 nm, (b) 3.0 nm,
and (c) 4.0 nm. The green
circles (red squares) corre-
spond to the calculation start-
ing with conductance in the
parallel (anti-parallel) state.
In (d) the data resulting from
GP(0,T) are shown after nor-
malization by GP(15 K).
∆G for all samples, this additional current contribution should
be unpolarized. It can be calculated by subtracting GP,AP(V=0,T)
according to Eq. 34 from the experimental data. As expected,
these differences are nearly identical for parallel and anti-parallel
alignment (see Fig. 45). In other words this is the justification for
the extra term GUP(V, T) in Eq. 34.
The relative contribution of inelastic unpolarized hopping be-
comes much more important with increasing barrier thickness,
which becomes obvious from Fig. 45 (d) showing the typical tem-
perature dependence of GUP(0, T) for tB= 2.1, 3.0 and 4.0 nm nor-
malized by GP(0, 0). This is therefore the reason for the strong
decrease of the TMR in these MTJs. The dependence of unpolar-
ized conductance on temperature and barrier thickness was an-
alyzed and found to be in remarkably good agreement with the
theory of Glazman and Matveev97. Details of the procedure can 97 L. I. Glazman et al., Sov.
Phys. JETP 67, 1276 (1988)be found in Appendix C. After including the additional unpolar-
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Figure 46: Typical tempera-
ture dependence of the TMR,
and the resistance for tB=2.1,
3.0 and 4.0 nm. The junction
area is 225 µm2. The red solid
lines are the fits of RP,AP ac-
cording to Eq. 34. The
gray solid lines are the result-
ing simulations according to
Eq. 32, e.g., if only direct
and magnon-assisted tunnel-
ing would be taken into ac-
count.
ized tunnel conductance, the resulting fits can well reproduce the
observed temperature dependence of the TMR and the area resis-
tance products (see red solid lines in Figs. 46).
5.4.3 Spin-polarized hopping model
As an another attempt to explain the TMR temperature depen-
dece in MTJs with a high degree of spin polarization, Lu et al.98
98 Y. Lu et al., Phys. Rev. Lett.
102, 176801 (2009)
proposed an extension of the Glazman-Matveev theory to the case
of ferromagnetic reservoirs to account for spin-polarized inelastic
tunneling through nonmagnetic localized states embedded in an
insulating barrier. Lu et al. demonstrated that in MTJs with high
TMR such as Co-Fe-B/MgO/Co-Fe-B MTJ, temperature driven
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spin-conserving inelastic processes through chains of localized
states may exist and would lead to reducing the magnetoresis-
tance effects. The extension of Glazman-Matveev theory adapted
to spin-polarized reservoirs could be used to fit both conductance
and TMR vs T. Their main motivation for the assumption of spin-
polarized hopping conductance was the experimental observation
that ∆G(T) increased with increasing temperature for MTJs with
4-nm-thick MgO barrier which in in contradiction to our result
(see fig.49). We have also applied this model to our data. The
first step was to fit the conductance in the anti-parallel state by a
function of the form
GAP(0, T) = σo +
Nmax
∑
N≥2
σNTN−2/(N+1) (36)
The parameters σN describing the contribution of hopping via N
localized states to GAP(0,T) are used as free parameters. From
the fit by Eq. 36 to experimental data it is possible to extract
the different N-LS conduction chains from their specific thermal
fingerprint.
For a sample with tB=1.8 and 2.1 nm, the data can be fitted
by taking chains up to N=2 and N=3, respectively. For the sam-
ple with tB=3.0 and 4.0 nm higher order hopping chains were
required: for this we have adopted the fitting procedure as de-
scribed by Xu. et al. 99, i.e. we have first restricted the fit to a
99 Y. Xu et al., Phys. Rev. B 52,
2843 (1995)
temperature range that can be best fitted by taking chains up to
N = 2 only into account. Then the temperature range has been
increased so far that it can be best fitted by a function with one ad-
ditional term and so on. By so doing, the data for a sample with
tB=3.0 and 4.0 nm in the entire temperature range up to 330K
could be fitted with a function containing terms of up to N=6
and N=7, respectively. The results for all four samples are shown
in Fig.47 (a, c, e, g), the corresponding fitting parameters for all
samples are summarized in Table. 9 [see on page 97]. The corre-
sponding relative contribution WN of different N-LS chains to the
anti-parallel conductance for sample with tB=3.0 and 4.0 nm are
shown in Fig. 47 (b, d, f, h). Please note that resonant tunneling
(N = 1) is expected to be T-independent and can therefore not
be distinguished from direct tunneling (N = 0). In this sense the
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Figure 47: Temperature de-
pendence of the tunnel con-
ductance in an anti-parallel
state and the relative contri-
bution W(N) of the differ-
ent N-LS chains to the anti-
parallel conductance for all
four samples.
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parameter σ0 must be interpreted as an average value for direct
and resonant tunneling.
MgO thickness P0 α (K3/2)
1.8 nm 0.7658± 0.0004 5.71× 10−6 ± 1.9× 10−7
2.1 nm 0.7681± 0.0004 4.54× 10−6 ± 1.8× 10−7
3.0 nm 0.7799± 0.0004 6.85× 10−6 ± 1.7× 10−7
4.0 nm 0.7796± 0.0004 1.86× 10−5 ± 2.0× 10−7
Table 8: Parameters for fit-
ting ∆G(0, T) of a sample
with tB=1.8 to 4.0 nm simul-
taneously by using Eq. 37
and 38. The best simultane-
ous fits for all four samples
were achieved for C′ = 4.0×
105K−1m−1.
The expression for ∆G(0,T) due to the activation of spin con-
serving inelastic hopping through chains of N localized state at
zero bias is given by
∆G(0, T) = σ0
CT
sinCT
× TMR0 +
Nmax
∑
N≥1
σ
N−2/(N+1)
N T × TMR(N, T)
(37)
and the TMR(N, T) assigned to a different variety of chains is
given as:
TMR(N, T) =
(1+ P)2βN + (1− P)2βN
2(1− P2βN ) − 1 (38)
with βN = 1/N + 1 and an T-dependent effective spin polariza-
tion P=P0 × (1− αT3/2) (α is the spin wave parameter related to
the interfacial Curie temperature and P0 is the effective spin polar-
ization at T = 0K). The total temperature dependent TMR(T) is
then given as the sum of TMR(N, T) weighted by their fractional
contributation WN :
TMR(T) =∑
N
WN(T)× TMR(N, T) (39)
We have then fit the data of all four samples simultaneously
by using Eq. 37 and 38, whereas the spin wave parameters α and
the polarizations P0 have been considered as free parameters, and
the thermal smearing has been taken into account by C = C′ × tB,
keeping C′ identical for all samples. The resulting parameters for
tB=1.8-4.0 nm are given in Tab. 8 and the resulting fits are shown
in Fig. 48.
Although the fitting parameters in Table 8 can reproduce the
temperature-dependent TMR data for all four samples quite well,
94
the fit quality for ∆G(0,T) was not in all cases as satisfying as by
fitting the data by the extended magnon-assisted tunneling model
(see Sec. Fig. 43). Particularly, for tB=4.0 nm the fit showed a
rising trend of ∆G(0,T) for T > 240 K.
Second, the the extracted spin-wave parameters α were differ-
Figure 48: Typical tem-
perature dependence of
∆G(0,T)[a, b] and TMR (c)
for a sample with tB =1.8
- 4.0 nm . The red lines
represent fits using Eqs. 37
and 38.
∆
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ent for all samples. The latter would be in contradiction to our
micro-structural investigations which showed the same quality of
the electrode barrier interface for the different samples and, there-
fore, one would expect the same magnetic interface properties for
the different samples. Therefore our data cannot be described con-
clusively by the model by Lu et al., Accordingly, the existence of
such a polarized conductance channel is not supported by our ex-
periments. They have suggested a spin-polarized extension of the
inelastic hopping conductance to explain the temperature depen-
dence of the TMR in Co-Fe-B/ MgO / Co-Fe-B MTJs very similar
to the MTJs investigated in this work despite the difference, that
the TMR at low temperature and low bias voltage is 2 to 3 times
larger (depending on the barrier thickness) for our junctions. The
main motivation for the invention of spin-polarized hopping con-
ductance was the experimental observation that ∆G(T) increased
with increasing temperature for MTJs with 4nm (sample D in Lu
et al.) thick MgO barrier (see Fig. 49).
This can not be explained by magnon-assisted tunneling in gen-
eral, which always reduces ∆G (o, T) with increasing temperature.
The difference between the samples is not clear at the moment. In
particular, differences in the interface quality may be present be-
cause the maximal TMR amplitudes at low temperature are differ-
ent in the two studies. To decide whether spin-polarized inelastic
hopping is of general importance for MgO-based MTJs or not,
further comparative studies by other groups are required.
5.5 Conclusion
We have investigated structural and transport properties of Co-
Fe-B / MgO / Co-Fe-B junctions with a barrier thickness of up
to 5nm. The HRTEM investigation on junction with barrier thick-
ness tB = 2.1nm and 4nm showed a good crystalline quality of the
MgO barrier, and the electrode-barrier interface for both junctions
in accordance with the similar low temperature TMR amplitudes,
with the linear dependence of the dielectric breakdown voltage on
the barrier thickness and the expected exponential increase of the
RA product on the barrier thickness. We have demonstrated that
direct spin-polarized and magnon-assisted tunneling can explain
96
Figure 49: Typical tempera-
ture dependence of ∆ G(0,T)
and TMR(T)for a sample
with tB =1.8 and 4.0 nm (The
terms sample A, B and C cor-
responding to barrier thick-
ness of 2.5, 3 and 4nm in Lu
et al.). In contrast to the work
by Luet al. all of our samples
show a decreasing ∆ G(V, T)
with increasing temperature.
the bias voltage and temperature dependent transport properties
for a barrier thickness of 1.8nm. For increasing barrier thicknesses
this model has been successfully extended by an unpolarized cur-
rent contribution.
This additional unpolarized conductance can well describe the
very strong temperature dependence of the TMR for MTJs with
4nm thick MgO barrier, and we have not found any hints to spin-
polarized inelastic tunneling as suggest by Lu et al.100.100 Y. Lu et al., Phys. Rev. Lett.
102, 176801 (2009)
The contents of this chapter has been published in Physical Re-
view B in 2010101.101 A. A. Khan et al., Phys.
Rev. B 82, 064416 (2010)
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Characterization of Magnetic Tun-
nel Junction by IETS
6.1 Introduction
Inelastic electron tunneling spectroscopy102 (IETS) has been used 102 R. C. Jaklevic et al., Phys.
Rev. Lett. 17, 1139 (1966)extensively in the past to probe vibrational modes in tunneling
barrier materials, and more recently, to probe magnetic excitation
in magnetic tunnel junctions. In ferromagnetic tunneling junc-
tions, IETS allows the observation of spin-dependent excitations
at the barrier-electrode interface. The relative magnetization of
the electrodes alone will cause a change in the IET spectrum and
provide the possibility of identifying specific contributions to the
current which influences the TMR effect. Unfortunately, in bias
voltage dependent electronic transport, the number of electrons
tunneling inelastically is usually orders of magnitude smaller than
the number utilizing elastic channels. Thus, it is difficult to detect
the energy at which an inelastic channel opens from simple I-V or
conductance-V curves because the contribution from these chan-
nels is too small against the much larger elastic background.
However, IETS involves measuring the derivatives of the tun-
neling current-voltage characteristics (dI/dV and dI2/dV2) in or-
der to probe more sensitively the change of the conductance prop-
erties when excitation or absorption occurs as a part of the tun-
neling process. Specifically, this technique has a resolution that is
limited only by the intrinsic temperature driven energy broaden-
ing of the spectra103. Additionally, the bias voltage range of the 103 S. K. Khanna et al., Science
220, 1345 (1983)
100
spectra is only limited by the breakdown voltage of the junctions
(typically in the range of a few volts as discussed in chapter 4).
IETS can in principle reveal all inelastic processes in which elec-
trons take part in the tunneling process. In these junctions, it is
especially possible to excite and identify phonons 104 of the barrier104 J. Adler, Solid State Com-
mun. 7, 1635 (1969) and the electrodes105 as well as magnons in feromagnetic materi-
105 T. T. Chen et al., Solid State
Comm. 8, 1965 (1970) als.
106 Another prominent feature in IETS spectra is the zero bias
106 D. C. Tsui et al., Phys. Rev.
Lett. 27, 1729 (1971)
anomaly. In the dI/dV-V spectrum, a sharp dip at zero bias is usu-
ally found which results in large peaks in the IETS spectrum. In a
nonmagnetic junction, this effect was first discovered by Wyatt107107 A. F. G. Wyatt, Phys. Rev.
Lett. 13, 401 (1964) and has been correlated to single magnetic impurities108.
108 J. A. Appelbaum et al.,
Phys. Rev. B 5, 544 (1972) A qualitative study of scattering at such impurities, however,
has proven to be difficult109. In MTJs the zero-bias anomaly has
109 R. H. Wallis et al., J.
Phys. C 7, 1293 (1974); and
S. Bermon et al., Phys. Rev.
B 17, 2110 (1978)
always been found since IETS was first applied to MTJs by Mood-
era et al.110 In addition, structures at bias voltages higher than 200
110 J. S. Moodera et al., Phys.
Rev. Lett. 80, 2941 (1998)
mV have recently been discussed.111 They are of interest because
111 G.-X. Miao et al., J. Appl.
Phys. 99, 08T305 (2006); and
M. Mizuguchi et al., J. Appl.
Phys. 99, 08T309 (2006)
they are presumably connected to the coherent tunneling process
which is the base of the high TMR ratios in system with crystalline
MgO barriers.
This chapter aims to identify intrinsic inelastic excitation in
MgO based MTJs by means of the bias voltage dependence of the
electronic transport. In the following we will discribe the experi-
mental setup used to measure IETS spectra of Co-Fe-B/MgO/Co-
Fe-B junctions (section ). In section we will present the experi-
mental results of IETS spectra of our samples with three different
architectures (bottom pinned BAF-MTJ, top pinned TAF-MTJ and
pesudo-spin-valve PSV) and compare the bias voltage dependence
of the electronic transport properties of BAF-MTJ and TAF-MTJ .
Finally, the IETS spectra of both sets of junctions are compared
and correlated with their dielectric breakdown and possible ori-
gins for this correlation will be discussed. In the last section we
provide conclusions.
6.2 Experimental set-up
Magnetic tunnel junctions with three different layer stacks are in-
vestigated. The samples are prepared using the same sputter sys-
tem described earlier. Different the layer stacks are prepared, an
6 characterization of magnetic tunnel junction by iets 101
overview of layer stack is given in table 10.
sample Lower stack tB[nm] Upper stack Ta
BAF Ta 5/Ru 30/Ta 10/Ru 5/ Co-Fe-B 2.5/
Mn-Ir 12/Co-Fe-B 2.5 1.8 Ta 5/Ru 20/ 350oC
TAF Ta 5/Ru 30/Ta 10/ Co-Fe-B 2.5/Ru 0.85/
Ru 5/Co-Fe-B 2.5 1.8 CoFe 1.5/MnIr 12/Ru 20/ 350oC
PSV Ta 5/Ru 30/Ta 10/ CoFeB 1.5/
Ru 5/CoFeB 4 2.1 Ta 5/Ru 30/ 400oC
Table 10: The different layer
stacks and the correspond-
ing annealing temperatures
Ta. Numbers represent the
layer thickness in nm.
The different annealing temperatures and barrier thicknesses
were chosen to get highest TMR ratios at room temperature and
good magnetic separation in the anti-parallel state of the two elec-
trodes at low temperatures. IET spectra for the different samples
are taken and evaluated. All measurements are done by a conven-
tional two probe technique in a closed cycle helium cryostat (Ox-
ford Cryo-drive 1.5) at 15 K. The bias voltage is always defined
with respect to the lower electrode. Thus, negative bias results
in electrons tunneling into the upper electrode. The differential
conductance dI/dV of the MTJs was measured directly using a
standard lock-in technique (STANDFORD SR830 DSP digital two
channel Lock-In) with a modulation frequency of 6.85 kHz for par-
allel and anti-parallel alignments of the Co-Fe-B electrodes. From
these data, the differential resistance dV/dI as well as the inelas-
tic electron tunneling (dI2/dV2-V) spectra were calculated numer-
ically. Before proceeding to the IETS spectra, a brief introduction
to lock-in amplifier is given.
6.2.1 Lock-in amplifier
In its most basic form, a lockin amplifier is an instrument with
dual capability112. It can recover signals in the presence of an 112 Stanford Research Sys-
tems, DSP Lock-In Amplifier
model SR830 Manual
overwhelming noise background or, alternatively, it can provide
high-resolution measurements of clean signals over several orders
of magnitude and frequency. A lock-in provides a DC output pro-
portional to the AC signal at the input. The special rectifier, called
phase sensitive detector (PSD), which performs this AC to DC
conversion forms the heart of the instrument. It is significant in
that it rectifies only the signal of interest while suppressing the ef-
102
fects of noise in contrast to a traditional rectifier, which is typically
found in a normal AC voltmeter making no distinction between
signal and noise. To understand how a lock-in amplifier works,
consider a signal Vsigsin (ωre f t + φsig), modulated at a reference
frequency ωre f . The lock-in amplifier produces a signal VL sin(ωL
t + φL) and a phase sensitive detector outputs the product of the
two signals,
Vout = Vsigsin(ωre f t + φsig)×VLsin(ωLt + φL) (40)
Vout =
VsigVL
2
cos
[
(ωre f −ωL)t + (φsig − φre f )
]
−
VsigVL
2
cos
[
(ωre f +ωL)t + (φsig + φre f )
]
(41)
Setting the lock in frequency equal to that of the reference fre-
quency [ωre f =ωL=ω] and Prior to low pass filter the voltage Vout
is:
Vout =
VsigVL
2
(
cos(φsig − φre f )− cos(2ωt + φsig + φre f )
)
(42)
After passing the Vout through a low pass filter the AC compo-
nents are removed. In this case the filtered output voltage will
be
Vout =
VsigVL
2
cos(φsig − φre f ) (43)
Vout is a DC voltage proportional to the signal. In the case of tun-
neling spectroscopy, the lock-in is used by adding a modulation
voltage at a frequency fm to the bias voltage,
VT = V +Vmsin(ωmt) (44)
where ωm =
fm
2pi and VT is the total tunnel bias voltage. The current
through the junction can be written as a Taylor expension113,113 M. L. Meade, Lock-In Am-
plifiers: Principles and Appli-
cations (IEEE electrical mea-
surement series, 1983) I(VT) = I(V) + (
dI
dV
)Vmsin(ωmt) +
(
d2 I
dV2
)V2msin
2(ωmt) + · · · (45)
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Therefore, the amplitude of the first harmonic is proportional to
first derivative term, and second harmonic is proportional to sec-
ond derivative term, which can be extracted using a phase sensi-
tive detection technique.
Figure 50: IETS spectra of
BAF-MTJ in anti-parallel and
parallel magnetic state.
We used an SRS-Model SR830 DSP lock-in amplifier for all of
our measurements. The advantage of this DSP lock-in amplifier
over a conventional amplifier is its ability to detect signals at a
harmonic of the reference frequency. A constant voltage source
provides the bias voltage V to which a modulation of 6.85 kHz and
an amplitude of 2.83 mV (2mV effective voltage) is added. The
SR830 multiplies this input signal with digital sine waves at the
multiple of the reference. Only signals at the required harmonic
(first harmonic in our case) will be detected. For a single channel
lock-in, problems can arise if the phase of the input signal and
the reference signal are off by pi2 . However, the SR830 uses a dual-
channel mode to get both the in-phase sin(ωre f t) and out-of-phase
cos(ωre f t) components of the input signal. These two components
are added in quadrature to get the final dI/dV signal.
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6.3 Results
IETS of bottom pinned (BAF-MTJ) junction
BAF-MTJ is a standard MTJ design with a pinned lower electrode.
The sample displays a TMR ratio of over 246% at 15K. The spectra
for the parallel and the anti-parallel magnetic state are shown in
Figure 50. At low bias, around V = 0V the largest peaks are visible
in both states (peaks are marked ZB in the Figure).
The peaks (M) at +24 mV and -22mV can be attributed to
magnon excitation at the barrier-electrode interface, and their en-
ergy positions can be interpreted as energy with a maximum prob-
ability for magnon excitation114. In the parallel state, the broader114 X.-F. Han et al., Phys. Rev.
B 63, 224404 (2001) peaks P are observed at 78 mV and -70 mV. The energy posi-
tions of these peaks can be recognized as the excitation of MgO
phonons at the barrier/electrode interface115. In the anti-parallel115 P. A. Thiry et al., Phys.
Rev. B 29, 4824 (1984) state, the phonon peaks (P) are not clearly visible.
Figure 51: IETS spectra of
TAF-MTJ in anti-parallel and
parallel magnetic state
IETS of Top pinned (TAF-MTJ) junction
The TAF-MTJs display a TMR ratio of up to 216% at 15K. In these
junctions a pinned artificial ferrimagnet forms the top electrode,
while the lower electrode is free. IETS spectra in both magnetic
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states are shown in figure 51
The spectra look different from the spectra of BAF-MTJ. First
of all, the general peak-height is much smaller in the parallel state
compared to the anti-parallel state. Compared to BAF-MTJ, the
asymmetry of the phonon peaks (P) is smaller and they can also
be seen in the anti-parallel state.
IETS of Pseudo spin valve
A pseudo-spin valve junction with layer stack shown in Fig. 28
is investigated now. The IETS spectra in parallel and anti-parallel
state are shown in Fig.52.
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Figure 52: IETS spectra of
the pseudo-spin valve junc-
tion in anti-parallel and par-
allel magnetic state. The
figure was taken from our
related publication, reported
by Drewello(PRB, 79,174417
(2009))
It is evident from the figure 52 that in both states, the intensity
of the peaks in the spectra lies between the intensities of BAF-
MTJ and TAF-MTJ (if compared to the height of the rest of the
respective spectra). The shoulders (M) at the first peaks are very
pronounced in this sample. The rest of the spectrum, i.e. the
phonon peaks (±71 mV) are very alike to those of TAF-MTJ. In
the anti-parallel state, at higher biases, no further structures are
found. More information on the the different features observed
in IETS spectra of MgO based MTJs can be found in our related
publication, reported by Drewello116.
116 V. Drewello et al., Phys.
Rev. B 79, 174417 (2009)
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Asymmetry in electronic transport proporties:
A comparison between BAF-MTJ and TAF-MTJ
Both sets of samples showed very similar area resistance products
and TMR amplitudes at RT. However, a distinctive asymmetric
electronic contributions was found in both systems. Figure 53(a-b)
shows the typical (dV/dI)-V spectra for BAF-MTJ and TAF-MTJ,
respectively. Obviously, the asymmetry in the spectra marked by
arrows is reversed when both systems are compared.
Figure 53: Differential re-
sistance (dV/dI)-V spectra
for parallel and anti-parallel
magnetization states mea-
sured at 15K for (a) BAF-MTJ
and (b) TAF-MTJ.
 Parallel
As discussed in chapter 4, BAF-MTJs and TAF-MTJs as well
show in general larger breakdown voltages for positive than for
negative bias voltage, i.e., the polarity dependence of the break-
down voltage does not change by changing the layer stack. This
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indicates that the asymmetries of the transport properties and of
the breakdown voltage with respect to the bias voltage polarity
have different origins. In the later case the observed higher break-
down voltage for positive bias result from the expected Oxygen
distribution asymmetry induced during the deposition process
(section 4.3). For the former case, the structural properties of the
samples might be needed to explain the results. In the following,
the differences between TAF-MTJ and BAF-MTJ shall be discussed
with respect to the experimental results of the transport proper-
ties.
The first aspect concerns the different stacking of BAF-MTJs
and TAF-MTJs, specifically, the location of the Mn-Ir layer in the
samples. For BAF-MTJ (TAF-MTJ), the Mn is below the bottom
electrode (above the top electrode). It is worth to mention that the
diffusion of Mn from the anti-ferromagnetic layer to the electrode-
barrier interface which is often observed in annealed MTJs (such a
diffusion was, e.g., reported for Co-Fe-B/MgO/Co-Fe-B MTJs by
Hayakawa et al117.) might be needed to explain the asymmetry 117 J. Hayakawa et al., Appl.
Phys. Lett. 89, 232510 (2006)of the transport properties because of the obvious correlation of
the asymmetry and the location of the Mn-Ir layer. Such an influ-
ence is reasonable because Mn oxides have different gap energies
compared to MgO and, therefore, the formation of an asymmetric
potential barrier leading to asymmetric transport characteristics
can be expected.
As a second aspect regarding the structural properties of our
MTJs, we like to refer to the work by Yuasa et al.118 They also ob-
118 S. Yuasa et al., Nat. Mater
3, 863 (2004)
served an asymmetry in the TMR bias voltage dependence mea-
sured at RT for epitaxial Fe/MgO/Fe junctions, and suggested
that this results from asymmetric structural defects such as dis-
locations at the interface and lattice distortions in the Fe and
MgO layers, identified by cross-sectional transmission electron
microscopy (see Fig. 1 in Yuasa et al.). It can be expected that
these types of structural defects are also present in our polycrys-
talline junctions. If these defects are responsible for the asymmet-
ric transport properties, the change of the layer stack will need to
change the asymmetry of the structural defects accordingly to ex-
plain the reversion of the asymmetry of the transport properties.
This could be related to mechanical stress induced by the anti-
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ferromagnetic Mn-Ir layer below (BAF-MTJ) and above (TAF-MTJ)
the barrier, respectively. However, thorough experimental investi-
gations of the structural properties of the MTJs are required before
a deeper understanding rather than a phenomenological descrip-
tion of the electrical measurements is possible.
Dielectric breakdown and IETS
Figure 54 shows the IETS spectra for BAF-MTJ and TAF-MTJ in
parallel and anti-parallel state. The peaks (M) can be attributed
to magnon excitation at the barrier - electrode interface. Usu-
ally the intensity of these peaks in the anti-parallel state is larger
than in parallel state. This holds for BAF-MTJ as well as for TAF-
MTJs indicating stronger magnon excitation in the anti-parallel
state. However, there is a striking difference between the IETS
Figure 54: Comparison of
IETS spectra of both systems
in (a) in a parallel state (b)
and in an anti-parallel state.
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spectra of both systems: both in parallel and anti-parallel config-
uration the intensities of the magnon peaks are much weaker for
TAF-MTJ than for BAF-MTJ, indicating that the magnon excitation
is stronger in BAF-MTJ. This is further supported by the weaker
temperature dependence of the TMR for TAF-MTJ as shown in
Fig. 55.
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Figure 55: Typical nor-
malized temperature depen-
dence TMR for BAF-MTJ and
TAF-MTJ measured with 10
mV bias voltage. The data
are normalized to the TMR
ratio at 15K.
The origin of the different strength of magnon excitation in the
two systems is not known, but it is interesting that the this differ-
ence is correlated to the observation that the breakdown voltage is
in general larger for TAF-MTJ compared to BAF-MTJ as discussed
above. Therefore, it might be possible that the scattering events
leading to breakdown are correlated with those exciting magnons
which is certainly not included in the E-model or that both effects
result from the same structural differences between BAF-MTJ and
TAF-MTJ.
6.4 Conclusion
In conclusion, magnetic tunnel junctions were investigated by in-
elastic electron tunneling spectroscopy. For one set of samples,
BAF-MTJ, the bottom electrode was magnetically hard (Mn-Ir/Co-
Fe-B); in the other case, TAF-MTJ, the hard Co-Fe-B/Ru/Co-Fe/Mn-
Ir electrode was on top of the barrier. In the third case , a pseudo-
spin valve junction, a relatively thin ferromagnetic layer was de-
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posited on top of barrier to ensure hard/soft switching of the
magnetic electrodes. Several excitations were observed in both
magnetic states of MTJs. The zero bias anomaly could be caused
by magnetic impurities. A second contribution was found, which
strongly differs for the parallel and the anti-parallel magnetic state.
This is attributed to the excitation of magnons. The asymmetry of
the differential resistance for BAF-MTJ was reversed compared to
the results for TAF-MTJ suggesting that these properties have a
different origin than the polarity dependence of the breakdown
voltage. They might be correlated with the diffusion of Mn from
the antiferromagnetic Mn-Ir layer to the barrier during vacuum
annealing.
7
Summary and outlook
This thesis is devoted to the fundamental understanding of the
dielectric reliability and spin dependent transport properties of
MgO based MTJs with Co-Fe-B electrodes. These MTJs have gained
tremendous importance in spintronic devices by showing large
tunneling magnetoresistance (TMR) effects at room temperature.
In view of this, the emerging impact of these MTJS in various
spintronics applications was obvious during the time of this the-
sis, as was the need for a thorough experimental and theoretical
analysis of its dielectric stability and electronic transport, and their
combined impact on its tunneling magnetoresistance. In Chapter
2 of this thesis few contemporary notions regarding spin depen-
dent tunneling were portrayed and described coherent tunneling
processes in MgO based MTJs. In Chapter 3, the main focus was
on device fabrication methods and the various experimental anal-
ysis tools used.
Chapter 4 investigates the dielectric breakdown in MTJs. Due
to very thin barrier thickness, large electric fields arise when volt-
age in the order of a few volts is applied. This may result in
dielectric breakdown. Breakdown measurements under positive
and negative bias were carried out for Mgo based MTJs. When
comparing the results for the two bias directions, we found that
for a positively biased top electrode, a larger breakdown voltage
was generally observed. This points to an inhomogeneous defect
distribution in the barrier. The observed higher breakdown volt-
age for positive bias result from the expected oxygen distribution
asymmetry induced during the deposition process. By measuring
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the voltage at which breakdown occurs in a series of voltage ramp
experiments, the results were analyzed in term of various expres-
sions for the voltage dependent probabilities of breakdown, and
estimation of the lifetime of junctions at lower voltages. In or-
der to distinguish between the E and 1/E models, the extensions
in many direction are required, e.g., measurement should be ex-
tended to a higher ramp rate than used in this study, and the sta-
tistical uncertainty should be decreased by the use of a large en-
semble. Also, Frequency resolved electronic noise measurements
are expected to be valuable and to be able to relate to the break-
down properties with the oxide and interface structure. On the
other hand, TDDB measurement at lower bias provides an insight
of the true model for the dielectric breakdown. Unfortunately, this
type of measurement can take time in years, and is not possible in
our case. The results of this chapter were published in the Journal
of Applied physics119.119 A. A. Khan et al., J. Appl.
Phys. 103, 123705 (2008); and
A. A. Khan et al., J. Appl.
Phys. 105, 083723 (2009)
In Chapter 5, we probed structural and transport properties
of junctions and principally focussed on the temperature depen-
dence of the TMR. The magnon-excitation model by Zhang120,120 S. Zhang et al., Phys. Rev.
Lett. 79, 3744 (1997) with integration of thermal smearing121, can equally well account
121 V. Drewello et al., Phys.
Rev. B 77, 014440 (2008) for the experimental data on temperature dependence of TMR for
a 1.8 nm thick barrier. For increasing barrier thickness, this model
has been successfully extended in this thesis by an unpolarized
current contribution: depending on the barrier thickness, on the
distribution of the electronic states localized in space and energy,
the relative contribution of these additional channels to the total
conductance of an MTJ may range from negligible to dominant.
This mechanism may cause an additional reduction of TMR espe-
cially for higher barrier thickness. Moreover, it becomes clear, that
magnon excitation is the second important inelastic non spin con-
serving which needs to be taken into account to explain the bias
voltage and temperature dependence of TMR. Tailoring of both
is crucial for getting less temperature dependence and, therefore,
a higher TMR ratio at room temperature. In contrast to a recent
study by Lu et al.122 we did not find any hints regarding spin122 Y. Lu et al., Phys. Rev. Lett.
102, 176801 (2009) conserving inelastic current contributation in our data. Further
comparitive studies are required to finally decide whether this in-
elastic spin conserving hopping is of general importance for MTJs
7 summary and outlook 113
or not. Our model was published in the journal Physical Review
B.123 123 A. A. Khan et al., Phys.
Rev. B 82, 064416 (2010)Finally, in chapter 6 we performed inelastic electron tunnel-
ing spectroscopy measurements on magnetic tunnel junction with
three different architectures. In these measurements, different
peaks were observed. Peaks in IETs spectra show the opening
of transport channels due to specific inelastic excitations during
the tunneling process. A magnon contribution was found, which
strongly differs for the parallel and the anti-parallel magnetic state.
These effects influence the tunnel current at elevated tempera-
tures.
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Appendix A
The fraction F(t) of the junctions that have shown breakdown at a
certain time t is related to the breakdown rate f(t) by
f (t) =
dF(t)
dt
= (1− F(t))p(t) (46)
where p(t) is the breakdown probability density124. In a voltage 124 M. Ohring, Reliability and
Failure of Electronic Materials
and Devices (Academic Press,
1998); and W. Oepts et al., J.
Appl. Phys. 86, 3863 (1999)
ramp experiment p(t)=p(V(t))= p(V), and equation 46 is written
as:
f (t) =
dF(t)
dt
= (1− F(t))p(V) (47)
If p(t) reflects a monotonic increase of the breakdown probability
density with increasing voltage V then we expact there is certain
voltage Vmax at which breakdown rate is maximum, i.e.
d f (t)
dt = 0.
Differentiating above Eq. 47 with respect to time t
from Eq.47
dF(t)/dt=(1-F(t))p(V)
d f (t)
dt
=
dp(V)
dt
(1− F(t)) + p(V) d
dt
(1− F(t))
=
dp(V)
dt
(1− F(t))− p(V)dF(t)
dt
=
dp(V)
dt
(1− F(t))− [p(V)]2 (1− F(t))
=
[
dp(V)
dt
− [p(V)]2
]
(1− F(t)) (48)
Note that the f(t) peak occurs only when d f (t)dt =0 and V=Vmax. Also
the term (1-F(t)) represents the fraction of non-failed junctions.
For the maximum breakdown rate Eq. 48 reduces to[
dp(V)
dt
− [p(V)]2
]
V=Vmax
= 0 (49)
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Now from Eq.49 we can figure out the rate of maximum break-
down probability density in term of the ramp speed dVdt as:(
dp(V)
dt
)
V=Vmax
=
(
dV
dt
dp(V)
dV
)
V=Vmax
=
(
[p(V)]2
)
V=Vmax
(50)
The breakdown probability density p(V) according to the E model
and 1/E model is given by125125 W. Oepts et al., Appl.
Phys. Lett. 73, 2363 (1998)
p(V) = Aexp
(
V
B
)
(51)
and
p(V) = Cexp
(−D
V
)
(52)
If we use Eq. 50 together with the breakdown probability density
of E and 1/E model expressed in Eq. 51 and 52 this leads to an
expression for Vmax as a function of the ramp speed. To derive
the expression for Vmax Eq. 51 can be written as: (after taking
derivative and multiplying by ramp speed dV/dt)
dV
dt
dp(V)
dV
=
dV
dt
1
B
p(V) (53)
similarly for the 1/E model:
dV
dt
dp(V)
dV
=
dV
dt
D
V2
p(V) (54)
At V= Vmax the Eq. 53 and 54 can be analytically expressed as:
[p(Vmax)]
2 =
dV
dt
1
B
p(Vmax) (55)
and
[p(Vmax)]
2 =
dV
dt
D
V2max
p(Vmax) (56)
Now for the E-model the equation for maximal f(t) is written as:
Vmax = Bln
(
dV
dt
.
1
AB
)
(57)
and similarly foe 1/E model
Vmax = D
[
ln
(
V2max
C
D
)
− ln
(
dV
dt
)]−1
(58)
Appendix B
Assuming that in the absence of an electric field the activation
energy for bond breakage is ∆H∗o , then in the presence of a field
this required activation energy is reduced by126 126 J. W. McPherson et al., J.
Appl. Phys. 84, 1513 (1998)
∆H∗ = ∆H∗o − p∗.Eloc (59)
where p∗ is electric dipole moment and Eloc is local field that a
bond will experience when field is applied. In the presence of
a field the dipole flipping will continue until the system comes
in thermal equilibrium127. In the equilibrium state the number 127 J. W. McPherson et al., J.
Appl. Phys. 88, 5351 (2000)of dipoles in their respective states obey a Boltzman distributa-
tion. The rate of field enhanced thermal bond breakage can be
described by a first order reaction rate.
dN
dt
= −kN(t) (60)
where N(t) is the week bond available for thermal breakage at
time t and k is the reaction rate constant and is given by
k = νoexp
[
−∆H
∗
o − p∗.Eloc
kBT
]
(61)
The physical interpretation of the reaction rate constant (Eq. 61)
is straightforward. νo is simply the number of times per second
that a revelant bond can break while the exponential term is the
Boltzmann probability that, on a given interaction bonds receive
enough energy to activate breakage. Separating variables and in-
tergrating Eq. 60 from t=0 to t=TF, one obtains:
TF =
N(o)
N(t=TF)
k
(62)
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The term in numerator of Eq. 62 represent the critical fraction frac-
tion of the bonds needed to be broken to induced electric break-
down of dielectric. Using Eq. 61 the time to failure TF(breakdown
probability) is written as:
TF = Aoexp
[
−∆H
∗
o − p.Eloc
kBT
]
= Aoexp
(
∆H∗o
kBT
)
exp
(
− p
∗.Eloc
kBT
)
(63)
Since p∗.Eloc=p∗(1+Lχ)E where E is applied field. The effective
field acceleration parameter is given by
γ =
p∗(1+ Lχ)
kBT
(64)
Using Eq. 64 the the breakdown probability density as a function
of applied field Ecan be expressed as
TF = Aoexp
(
∆H∗o
kBT
)
exp (−γE) (65)
Appendix C:
Analysis of unpolarized conductance
The temperature dependence of the unpolarized conductance was
analysed by the Glazman model128. The unpolarized conductance 128 L. I. Glazman et al., Sov.
Phys. JETP 67, 1276 (1988)can be assumed to be dominated by hopping through localized
states in the barrier. The first step of this approch is to fit the
unpolarized conductace by a function of the form:
GUP(0, T) =
Nmax
∑
N≥2
SNTN−2/(N+1) (66)
where T is the temperature in K, N is the number of participating
localized states, and SN are prefactors depending on the density of
localized states in the barrier. At higher temperature the distinc-
tive power law temperature dependence for hopping favors chains
with higher N. The unpolarized data can be fitted very well [see
Fig. 56], if the term up to N= 6 were taken into account for a 4
nm thick barrier, whereas for tB= 3.0 nm only terms up to N=5 are
needed [Fig56(b)] to fit the data in the same temperature range.
The thinner sample with tB= 2.1 nm manifests very similar behav-
ior and follows the trend that the entire fit of the data in the same
temperature range takes place with lower order hopping channels
as the thickness decreases, in agreement with the theory.
If N would be increased in comparison with the number given
above, it was found that the parameters are strongly correlated
and start to loose their physical meaning. The fitting parameters
are summarized in Table 11
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Figure 56: Unpolarized con-
ductance as a function of
temperature for sample with
barrier thickness (a) 4.0 nm,
(b) 3.0 nm and (c) 2.1 nm.
The solid lines is the best fit
to the data with the power
exponents fixed to their the-
oritically predicted values.
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parameter MTJ with Barrier thickness
SN 2.1 nm 3.0 nm 4.0 nm
S1 1.24± 0.000× 10−11 2.23± 0.00× 10−11 1.11± 0.0× 10−12
S2 4.097± 0.008× 10−12 6.55± 0.002× 10−14 2.70± 0.0024× 10−15
S3 1.737± 1.07× 10−14 1.31± 0.001× 10−16 4.49± 0.0017× 10−18
S4 XXXXXX 4.0± 0.0011× 10−18 4.16± 0.0007× 10−21
S5 XXXXXX XXXXXX 7.37± 0.019× 10−23
Table 11: Fitting parameters
for samples with tB=2.1-4.0
nm of unpolarized conduc-
tance
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Dielectric breakdown in Co–Fe–B/MgO/Co–Fe–B magnetic tunnel junction
Ayaz Arif Khan,a J. Schmalhorst, A. Thomas, O. Schebaum, and G. Reiss
Thin Films and Nano Structures, Department of Physics, Bielefeld University, 33501 Bielefeld, Germany
Received 20 February 2008; accepted 4 April 2008; published online 17 June 2008
The time-dependent dielectric breakdown has been investigated in Co–Fe–B/MgO/Co–Fe–B
junctions by voltage ramp experiments and focused on its dependence on the barrier thickness,
junction area, polarity of the applied voltage, ramp speed, and annealing temperature. The results
suggest that the breakdown voltage strongly depends both on the polarity of the applied voltage and
the annealing temperature. Magnetic tunnel junctions MTJs with positive bias on the top electrode
show higher breakdown voltage than MTJs with negative bias. We found that there is a significant
decrease in the breakdown voltage when the annealing temperature is increased above 350 °C.
© 2008 American Institute of Physics. DOI: 10.1063/1.2939571
I. INTRODUCTION
Magnetic tunnel junctions MTJs have attracted consid-
erable interest because of their potential in device applica-
tions such as magnetic memory cells or read heads in hard
disk drives for density greater than 100 Gb / inch2. The tun-
neling magnetoresistance TMR effect in magnetic tunnel
junctions is a key to develop magnetoresistive random access
memory MRAM, magnetic read heads, and magnetic
sensors.
1 In the conventional type of magnetic tunnel junc-
tion devices, which use amorphous Al2O3 as a tunnel barrier,
one finds a magnetoresistive ratio of up to 70% at room
temperature.2 This low TMR ratio at room temperature is an
obstacle to large capacity magnetoresistive random access
memory. The recent development of magnetic tunnel junc-
tions based on 001-oriented MgO barriers and Co–Fe–B
electrodes enabled TMR ratios of up to 361% at room
temperature.3 This high TMR is one key to realize a next-
generation large-capacity MRAM and magnetic heads for
ultrahigh-density recording. Before commercialization,
MRAM faces several challenges, one of them related to the
magnetic switching issue. Recently useful writing schemes
spin transfer switching4,5 have been demonstrated which
enhance the scalability. Therefore most of the switching
schemes require a high current that flows through the MTJ.
Thus, dielectric breakdown of magnetic tunnel junctions has
become one of the crucial factors for MTJ-based applica-
tions. Extensive tests involving a large number of devices are
needed in order to determine their reliability.
In this article dielectric breakdown has been studied in
Co–Fe–B/MgO/Co–Fe–B magnetic tunnel junctions. The
key parameters for the oxide breakdown are barrier thick-
ness, ramp speed, junction area, annealing temperature, and
polarity of the applied voltage. The dielectric breakdown is
characterized by a voltage ramp method. Among 400 break-
down measurements were conducted during this study. The
results are discussed in the framework of the E-model,6
which relates the breakdown to field-induced displacement
of atomic bonds in the oxide barrier.
II. EXPERIMENT
The MTJ films were deposited in a dc magnetron sput-
tering system with a base pressure of 110−7 mbar on ther-
mally oxidized Si100 wafers. The MTJ stack sequence
is as follows: Ta5 /Ru30/Ta10/Ru5/MnIr12/Co–
Fe–B2.5/MgOtB /Co–Fe–B2.5 /Ta5 /Ru20, where
Co–Fe–B is a compound of Co40Fe40B20. The numbers in
parenthesis represent the nominal thickness of each layer in
nanometers. The MgO barrier with a thickness tB of 1.8 and
2.1 nm were deposited by rf magnetron sputtering in Ar at-
mosphere. In order to achieve the exchange bias of the MnIr/
Co–Fe–B double layer, the MTJs were annealed up to
400 °C in the presence of a magnetic field 6.4 kOe in a
vacuum furnace with a pressure of 110−7 mbar. The opti-
mum annealing temperature regarding TMR as well as
breakdown voltage was 350 °C. The junctions with an area
between 1515 and 2525 m2 were fabricated by laser
lithography and ion-beam etching. The transport properties
of the MTJs were measured using a two-probe method with
dc bias voltage. Before measuring the dielectric breakdown,
TMR and resistance of MTJ were measured at a bias voltage
of 10 mV. The MTJs with a 1.8 and 2.1 nm thick MgO
barrier showed TMR ratios of up to 174 and 155% at room
temperature after optimum annealing, respectively. The cor-
responding resistance area RA product values of typically
96 k m2 1.8 nm and 290 k m2 2.1 nm were ob-
tained depending on the barrier thickness. The breakdown
experiment is conducted as a “voltage ramp” experiment.
The ramping speed is varied between 5 and 20 mV /s.
III. RESULTS AND DISCUSSION
Two typical breakdown characteristics of MTJs that ex-
hibited intrinsic breakdown are shown in Fig. 1. The intrinsic
failure is then characterized by an abrupt decrease of resis-
tance at the breaking point see arrows in Fig. 1.7 At break-
down, the voltage stays constant and the current shoots up.
Afterward, no TMR effect was observed and, e.g., the resis-
tance of MTJs with a junction size of 225 m2 was typically
in the range of 75−10 , corresponding to RA products ofaElectronic address: ayazarif@physik.uni-bielefeld.de.
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17–2.3 k m2. This low resistance can be interpreted as a
formation of microscopic shorts in the barrier at the moment
of breakdown.8
Figure 2 shows the bias voltage dependence of the nor-
malized TMR. As the bias voltage increases the TMR de-
creases. For the MTJ with 2.1 nm thick barrier the TMR
drops to half at a bias voltage of 640 and 460 mV for posi-
tive and negative voltage, respectively. Similarly, the TMR
for the 1.8 nm barrier drops to half at 755 and 532 mV for
positive and negative bias voltages. The asymmetrical bias
dependence can be interpreted as a result of an asymmetric
tunneling barrier, e.g., because of asymmetric structural de-
fect distribution such as the dislocations at the interfaces and
lattice distortions.9 From this we can expect an asymmetric
breakdown behavior, which is indeed observed as discussed
below.
The mean current density and voltage of MTJs at the
breaking point are shown in Fig.3 the error bars represent
the standard deviation for an ensemble of typically five
nominally identical MTJs . It is found that the current den- sity and breakdown voltageVB of MTJs strongly depends
on the polarity of the applied voltage. For positively biased
top electrodes the current density and breakdown voltage is
about 20 and 10% larger than for negatively biased top elec-
trodes.
In Fig. 4 the area and thickness dependence of the break-
down voltage is presented. It is seen that the breakdown
voltage depends strongly on the thickness and weakly on the
junction area in both parallelP and antiparallel AP mag-
netization state. An MTJ for negative bias in AP state with a
1.8 nm barrier and 225 m2 area typically breaks at 1.77 V.
By increasing the barrier thickness by 0.3 nm, the breakdown
voltage considerably increases to an average value of 1.93 V,
i.e., by about 9.0%. Furthermore, the breakdown voltage of
1.8 nm thick barrier increases by 150 mV to 1.92 V when the
polarity of the applied voltage is reversed, i.e., when the
upper electrode is biased positively. The same trend is found
for 2.1 nm thick barriers. Because of higher breakdown at
positive bias, we speculate that the change of the junction
reliability of MTJs under negative and positive bias is caused
FIG. 1. Color online Typical J −V curve for optimally annealed 400 m2
junctions in antiparallel magnetization stateAP that break at 1.93 V
1.8 nm and 2.18 V 2.1 nm , respectively. The ramp speed is 15 mV/s.
FIG. 2. Color online Bias voltage dependence of the TMR effect of MTJs
at optimum annealed state.
FIG. 3. Color online The current density dotted line and breakdown
voltage solid line dependence on polarity of applied voltage for a barrier
thickness of 1.8 nm: a antiparallel magnetization andb parallel magne-
tization state. The ramp speed is 15 mV/s.
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by properties of the barrier, namely, an asymmetric defect
density distribution at interface regions between the insulator
and magnetic layer. By increasing the junction area from 225
to 625 m2 for a 1.8 nm thick barrier, the breakdown volt-
age decreases, e.g., by about 1.6% to an average of 1.74 V
for antiparallel state and negative bias. In the parallel mag-
netization state the area and thickness dependence of break-
down voltage is shown in Fig.4 b . It is evident that the
breakdown voltage of 1.8 nm and 2.1 nm thick barriers in the
parallel state decrease by about 210 and 250 mV, respec-
tively, compared to the antiparallel magnetization state.
The current density at which the breakdown occurs is in
general larger for the parallel than for the antiparallel state.
Therefore, the breakdown voltage might not only be domi-
nated by the voltage stress but even can be influenced by the
current stress. However, it should be mentioned that the cur-
rent density at the breakdown is about a factor of 3 smaller
for 2.1 nm thick barriers than for 1.8 nm thick barriers,
which favors that current density is not as important as bias
voltage. We show below that all observed general trends are
consistent with the E-model, which neglects the influence of
the current.
The voltage ramp speed dependence of the breakdown
voltage of MTJ is shown in Fig. 5. The devices which break
intrinsically at VB show a significant dependence on ramp
speed, showing an increase of about 30–50 mV by increasing
the voltage ramp speed from 5 to 20 mV/s. In Fig. 6 the
annealing temperature dependence of the breakdown voltage
is shown. The breakdown voltage increases with increasing
annealing temperature and reaches a maximum value at an
annealing temperature of 350 °C, and then decreases rapidly
with further increase of annealing temperature. The largest
value of VB coincides with the largest TMR, again pointing
to the barrier quality.
In Fig. 7 the dependence ofVB on the junction area is
shown for different annealing temperatures. It is observed
FIG. 4. Color online Breakdown voltage dependence on the area and
barrier thickness for optimally annealed MTJs: a antiparallel magnetiza-
tion and b parallel magnetization state. The ramp speed is 15 mV/s. The
dotted lines represent the size dependence according to the E-model for
1.8 nm/2.1 nm thick barrier at negative bias in the antiparallel statesee
Sec. IV .
FIG. 5. Color online Breakdown voltage dependence on voltage ramp
speed in AP state for optimally annealed MTJs with 1.8 nm thick barriers.
Solid markers represent the breakdown when the upper electrode is negative
biased, and hollow markers represent positive bias. Dotted lines represent
the fit according to the E-modelsee Sec. IV .
FIG. 6. Color online Variation of TMR and breakdown voltage ramp
speed is 15 mV/s with annealing temperature. The junction area is
400 m2 and barrier thickness is 2.1 nm.
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that the breakdown voltage depends strongly on the area for
annealing temperature of 400 and 200 °C. For the optimum
annealing temperature of 350 °C, the area dependence is
smallest. A MTJ with a 2.1 nm thick barrier and 225 m2
area at 400 °C annealing temperature typically breaks at an
average value of 1.87 V. By increasing the junction area to
625 m2 the breakdown voltage decreases by 18% to an
average value of 1.54 V.
In our previous studies on Al–O-based junctions,10,11 an
increase of the breakdown voltageVB with increasing an-
nealing temperature was also found. It was attributed to a
healing of barrier defects. However, a decrease ofVB above
the optimal annealing temperature was only observed for
junctions grown on Si wafers capped with native SiO2 Ref.
10 instead of 500 nm thick thermal SiO2.11 In this case a
strong inhomogeneous temperature-induced crystallite
growth was observed, resulting in high mechanical stress act-
ing on the barrier and, accordingly, a reducedVB . In our
MgO-based MTJs investigated here we might also expect
that the reduction ofVB above 350 °C is connected to addi-
tional mechanical stress as a result of recrystallization: it has
been found that a recrystallization of the Co–Fe–B electrode
at the MgO barrier takes place,12,13 which results in “quasi-
epitaxial” electrode-barrier interfaces, which is a prerequisite
for coherent tunneling.
IV. INTRINSIC BREAKDOWN ANALYSIS
The experimental observations of the intrinsic break-
down can be interpreted using the E-model of dielectric
breakdown.6 This model was proposed previously for the
breakdown of SiO2 in metal-oxide-semiconductorMOS ca-
pacitors. As a dielectric is subjected to an electric field there
is a net induced dipole moment which would cause a bond
distortion. By the presence of an electric field, the effective
activation energyE A for a jump of an ion over a distancea in
the direction of the field decreases, hence increasing the
probability of a breakdown of the dielectric. The intrinsic
breakdown is thus associated with the physical properties of
the oxide and its microstructure. The junction area also af-
fects the breakdown probability as the number of barrier de-
fects which can act as “precursors” for the breakdown is
proportional to the junction area. Oeptset al.14 presented an
analysis of Al–O-based MTJs which concluded that the ob-
served intrinsic dielectric breakdown was well described
with the use of the E-model.
In the following we will apply this model to our MgO-
based MTJs: If F t denotes the fraction of devices that break
intrinsically after a timet, the breakdown probability density
is defined as
p t =
dF/dt
1 − F
. 1
For the E-model p t is defined as
p t = A exp
V t
B
, 2
where V t =E t tB is the time-dependent voltage withE t
being the electric field andtB is the barrier thickness. If no
explicit time dependence is assumed forp t no wear out, A
is proportional to the junction area and depends on the acti-
vation energy for dielectric breakdown. An external electric
field E t lowers the activation energy for the breakdown
process, which is described by the field accelerating param-
eter 1/B . For an experiment with constant ramp speeddV/dt,
the intrinsic failure is given by
F t = 1 − exp − p t B dV/dt −1 + AB dV/dt −1 . 3
The maximum breakdown rate for a large number of devices
is found at
Vmax = B ln
dV/dt
AB
. 4
We have generally observed a very small scattering of the
breakdown voltage for our ensemble of nominally identical
MTJs. Therefore, the mean breakdown voltage shown in all
figures is nearly identical toVmax. For a large number of
devices Vmax varies linearly with ln dV/dt see Eq. 4 and
hence, B can be extracted by fitting the ramp speed depen-
dence of the breakdown voltages shown in Fig.5 by Eq.
4 .8,15 For 1.8 and 2.1 nm thick barriers 225 m2 junction
area , we have found B to be 0.028 0.002 and
0.030 0.01 V, respectively. For 1.8 nm thick barriers the fit
is plotted as a dotted line in Fig.5. The parameterA is also
obtained by fitting the model according to Eq.4 to the data.
The values of A for 1.8 and 2.1 nm thick barriers 225 m2
junction area in antiparallel magnetic state are 2.6 10−28
and 7.32 10−29 s−1, respectively. The fitted results the ac-
tivation voltageB and the attempt frequencyA of a junction
with 1.8 nm thick barrier in antiparallel magnetic state along
with attempt frequency per unit area is summarized in Table
I . The ratios of attempt frequency to the junction area are
appear to be a constant, indicating that the fitted results are
consistent with the E-model. A certain junction area depen-
dence is even expected from Eq. 4 . As shown as dotted
lines in Fig. 4, these area dependencies are consistent with
FIG. 7. Color online Breakdown voltage dependence on annealing tem-
perature and junction size. The barrier thickness is 2.1 nm, the magnetiza-
tion state is antiparallel AP , and the ramp speed is 15 mV/s.
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our experimental results. For time-independent breakdown
probability densityp t the mean lifetime is then given by
1/2 = ln 2 /p t , 5
where 1/2 is the time when 50% of the devices have expe-
rienced breakdown. In Fig.8 we show 1/2 years as func-
tion of the applied bias voltage using the values ofA and B
for tB =1.8 and 2.1 nm, respectively. For a typical operating
voltage of 300 mV, the lifetime for MTJs with 1.8 and 2.1
nm thick barriers can be estimated to 1.8 1016 and 1.4
1016 years, respectively.
V. SUMMARY
In summary, we have investigated the dielectric break-
down in MgO-based magnetic tunnel junctions with Co–
Fe–B electrodes. Breakdown measurements under positive
and negative bias were carried out for MTJs with 2.1 and 1.8
nm thick MgO barriers. When comparing the results for the
two bias directions, we found a striking difference: for a
positively biased top electrode a larger breakdown voltage
was generally observed. This points to an inhomogeneous
defect distribution in the barrier and is consistent with the
observed asymmetric bias voltage dependence of the magne-
toresistance. With respect to the annealing temperature, both
the TMR as well as the breakdown voltage show a distinct
maximum at 350 °C. Possible reasons for the decrease of
breakdown voltage with further increasing annealing tem-
perature were discussed. Finally, we were able to apply the
E-model for dielectric breakdown consistently to the ramp
speed as well as the junction area dependence of the break-
down voltage. In addition to these facts, the current density
at the breakdown is considerably smaller for 2.1 nm com-
pared to 1.8 nm thick barriers, and we can suggest that the
breakdown process is dominated by the voltage stress rather
than by current stress.
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TABLE I. E-model results for a 1.8 nm thick barrier in antiparallel state.
Polarity on
top electrode
Junction
area m2
Activation
voltage B mV
Attempt
frequencyA s−1
Attempt
frequency/Area m2 s −1
Negative 225 28.023 2 2.60 10−28 1.16 10−30
Negative 400 27.874 3 4.58 10−28 1.15 10−30
Negative 625 27.894 3 7.18 10−28 1.15 10−30
Positive 225 28.889 3 8.69 10−30 3.86 10−32
Positive 400 29.325 2 1.48 10−29 3.70 10−32
Positive 625 28.832 3 2.40 10−29 3.84 10−32
FIG. 8. Color online Estimated life time extracted from the E-model of
dielectric breakdown for optimally annealed MTJs with 1.8 and 2.1 nm thick
barriers.
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The time dependent dielectric breakdown in Co–Fe–B/MgO/Co–Fe–B magnetic tunnel junctions
was investigated by voltage ramp experiments. The measurements were done for two types of
junctions: one set of junctions had exchange biasedpinned bottom electrodes and one set had
exchange biased pinned top electrodes with an additional artificial ferrimagnet. We found a
significant polarity dependence in the dielectric breakdown: top as well as bottom pinned tunnel
junctions showed higher breakdown voltage when the top electrode was biased positively compared
to negative bias. In contrast to this the differential resistancedV/dI −V spectra revealed an
asymmetry for the top pinned junctions which was reversed in comparison to the bottom pinned
system. This indicates that both asymmetries have different origins. Additionally the bottom pinned
junctions showed in general slightly lower breakdown voltages and stronger magnon excitation in
the inelastic electron tunnelingd2I /dV2 −V spectra than the top pinned junctions. Possible reasons
for these correlations are discussed. ©2009 American Institute of Physics.
DOI: 10.1063/1.3116554
I. INTRODUCTION
Magnetic random access memoryMRAM is a promis-
ing candidate for universal memory in high-performance and
mobile computing as it is faster and consumes less power
than existing technologies.1 To realize such a MRAM, it is
strongly desired that magnetic tunnel junctionsMTJs ,
which essentially consist of two ferromagnetic electrodes
separated by a thin insulating layer2,3 and constitute the
memory cells, show high reliability. Currently, MTJs with
MgO barrier and Co–Fe–B electrodes4 are the most promis-
ing candidates for high density MRAM, because they have
very high tunneling magnetoresistanceTMR ratios, prob-
ably because of a spin filtering effect originally predicted for
fully epitaxial Fe/MgO/Fe junctions.5,6 Especially, low resis-
tive MgO based MTJs are interesting for application, be-
cause their magnetization state can be switched from antipar-
allel to parallel and vice versa by spin-polarized currents
spin torque effect7 without the help of an external magnetic
field.
The intrinsic reliability of a MTJ under voltage stress
can be characterized by its breakdown voltageUBD . This is
typically measured by applying a ramped voltage to the
MTJ: when UBD is reached the resistance of the MTJ is sud-
denly strongly reduced in an irreversible breakdown process.
The majority of all MTJs show only one abrupt decrease in
the junction resistance. This type of breakdown is likely to
be caused by an intrinsic failure of the oxide barrier. As it
was shown for Al–O based junctions before,8 the resistance
after breakdown is limited by the current limit of the power
supply used for the voltage ramp experiment and the resis-
tance of the leads.
In our previous study,9 we investigated MTJs with MgO
barrier and Co–Fe–B electrodes with respect to their dielec-
tric stability. Their magnetically hard bottom electrode was
pinned by an adjacent antiferromagnetic Mn–Ir layer because
of the exchange-bias effect10 these junctions will be called
BAF-MTJ in the following . The results were consistent with
the E-model,11 which neglects the influence of the electrical
current and relates the breakdown to an electric field-induced
displacement of atomic bonds in the oxide barrier. In this
study, we investigated the bias polarity dependence of time
dependent dielectric breakdownTDDB in Co–Fe–B/MgO/
Co–Fe–B junctions whose bottom electrode was the “free”
layer and top electrode was an artificial ferrimagnet, Co–Fe–
B/Ru/Co–Fe, pinned by an antiferromagnetic Mn–Ir layer
this system will be called TAF-MTJ . The results will be
compared to the BAF- MTJs. Furthermore, inelastic electron
tunneling spectroscopy IETS was also applied to investi-
gate the spin dependent tunneling process for both top and
bottom pinned tunnel junctions.
II. EXPERIMENT
The MTJ stacks were deposited at room temperature
RT by dc and radio frequency rf magnetron
sputtering on thermally oxidized Si wafer. The layer
stack of the bottom pinned BAF-MTJ system
was Si–SiO 2 50 /Ta 5 /Ru 30 /Ta 10 /Ru 5 /Mn–Ir 12 /
Co–Fe–B 2.5 /MgO tB /Co–Fe–B 2.5 /Ta 5 /Ru 20 . The
top pinned TAF-MTJs consist of Si–SiO 2 50 /Ta 5 /
Ru 30 /Ta 10 /Ru 5 /Co–Fe–B 2.5 /MgO tB /CoFeB 2.5
/Ru 0.85 /Co–Fe 1.5 /MnIr 12 /Ta 5 /Ru 20 , where the
atomic composition of the sputter targets were Co70Fe30,
Mn83Ir17, and Co40Fe40B 20, respectively. The numbers in pa-
rentheses represent the nominal thicknesses of each layer in
nanometers. All metallic layers were deposited by dc mag-
netron sputtering at an Ar pressure of 1.210−3 mbar. Thea Electronic mail: ayazarif@physik.uni-bielefeld.de.
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MgO barrier of thickness tB of 1.8 or 2.1 nm was deposited
by rf magnetron sputtering at an Ar pressure of 2.4
10−2 mbar. In order to activate the exchange bias of the
hard electrode, the MTJs were annealed at 350 °C in the
presence of a magnetic field6.5 kOe in a vacuum furnace
with a base pressure of 1 10−7 mbar. The junctions with an
area between 15 15 and 25 25 m2 were patterned by
laser lithography and ion beam etching. The transport prop-
erties of the MTJs were measured using a two-probe method
with constant dc bias voltage for temperatures between 12 K
and RT. The breakdown measurements were performed by
voltage ramp experiments with a ramp speed of 15 mV/s at
RT for parallel as well as antiparallel alignments of the mag-
netic electrodes. Prior to the dielectric breakdown, the TMR
and resistance of each MTJ were measured at RT with a bias
voltage of 10 mV. The MTJs showed TMR ratios of up to
174% at RT. The mean values and standard deviation of the
area resistance product in the antiparallel state and the TMR
as well as the maximum TMR ratios are summarized in
Table I .
The typical TMR major loops of both types of MTJs are
shown in Fig. 1. The hysteresis loops of the hard electrodes
of BAF-MTJ and TAF-MTJ, respectively, are shifted in op-
posite directions because in TAF-MTJs the Co–Fe–B and
Co–Fe layers are antiferromagnetically coupled via the Ru
spacer in the investigated field range with a net magnetic
moment of the artificial ferrimagnet aligned in parallel to the
magnetization of the Co–Fe–B layer. The differential con-
ductancedI /dV of the MTJs was measured directly at 12 K
using a standard lock-in technique with a modulation ampli-
tude of 1 mV for parallel and antiparallel alignments of the
Co–Fe–B electrodes. From these data the differential resis-
tance dV/dI as well as the inelastic electron tunneling
d2I /dV2 spectra were calculated numerically. The polarity of
the applied voltage was defined with respect to the bottom
electrode, i.e., for positive bias voltage the electrons tunnel
from the bottom into the top electrode.
III. RESULTS AND DISCUSSION
The intrinsic failure due to voltage stress-induced degra-
dation of an insulator is characterized by an abrupt decrease
in resistance at the breakdown voltageUBD ,12 e.g., this can
be seen in Fig. 2. During breakdown a highly conducting
path is created which shunts the current.13
A comparison of dielectric breakdown for TAF-MTJs
and BAF-MTJs with 1.8 nm thick barrier as a function of
junction area and voltage polarity is shown in Fig.3. It is
TABLE I. Summary of TMR ratios and area resistance product for BAF-
MTJs and TAF-MTJs with 1.8 and 2.1 nm thick MgO barriers. All measure-
ments were performed prior to the breakdown experiments at RT with 10
mV bias voltage.
Sample
tB
nm
RA average
k m2
TMR average
%
TMR maximum
%
BAF-MTJ 2.1 291.3 2.1 149.4 6.0 155.0
1.8 96.8 2.5 168.0 3.0 174.0
TAF-MTJ 2.1 307.3 4.8 155.4 4.0 160.0
1.8 106.3 3.7 164.0 2.7 168.4
FIG. 1. Color online Typical major loops for BAF-MTJ and TAF-MTJ of
1.8 nm thick barrier. The orientation of the magnetic fieldHanneal applied
during vacuum annealing at 350 °C and the magnetization of free and
pinned layers are indicated by arrows. The loops were taken at RT with 10
mV bias voltage. The junction area was 225 m2.
FIG. 2. Color online Variation of the current with applied voltage for
TAF-MTJs with 1.8 and 2.1 nm thick MgO barriers, respectively. The MTJ
with 1.8 nm 2.1 nm thick barrier broke abruptly atUBD = +2.11 V
+2.3 V . The magnetization state was antiparallel, and the junction area was
225 m2.
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evident that for the antiparallelAP as well as the parallel
P magnetization states TAF-MTJs had higher breakdown
voltages than BAF-MTJs. For example, a BAF-MTJ in anti-
parallel magnetization state with a junction area of 225m2
under negative bias typically broke atUBD =−1.72 V com-
pared to UBD =−1.89 V for a TAF-MTJ having the same
junction area. Furthermore, all MTJs showed a higher break-
down voltage for positive than for negative bias; this trend
holds for parallel as well as for antiparallel magnetization
alignments. As summarized in TableII , the difference in
breakdown voltage of BAF-MTJ and TAF-MTJ in parallel
magnetization state is higher than in antiparallel state. These
general trends found for MTJs with a 1.8 nm thick barrier are
also valid for TAF-MTJs and BAF-MTJs with a barrier
thickness of 2.1 nm. Because of the thicker barrier, the
breakdown voltages are increased as expected from the
E-model.11 The latter can be seen, e.g., by comparing Figs.4
and 3 a .
Differential resistance measurements and IETS have
been applied to further investigate this puzzling behavior.
Figure 5 shows the typical dV/dI −V spectra for BAF-MTJ
and TAF-MTJ, respectively. Obviously, the asymmetry in the
spectra marked by arrows is reversed when both systems are
compared. As discussed above, BAF-MTJs and TAF-MTJs
as well show in general larger breakdown voltages for posi-
tive than for negative bias voltage, i.e., the polarity depen-
dence of the breakdown voltage doesnot change by chang-
FIG. 3. Color online A comparison of the breakdown voltage dependence
on the junction area and the polarity of the applied voltage of BAF-MTJ and
TAF-MTJ for a antiparallel and b parallel magnetization alignments.
Each point is an average over five individual measurements, and the error
bars represent the standard deviation. The ramp speed was 15 mV/s.
TABLE II. UBD TAF-MTJ - UBD BAF-MTJ in antiparallel and parallel states with
voltage bias polarities for 1.8 nm thick barrier.
Polarity
Parallel state
mV
Antiparallel state
mV
Negative bias 260–292 123–143
Positive bias 270–299 168–189
FIG. 4. Color online The breakdown voltage dependence on the junction
area and voltage polarity for TAF-MTJ and BAF-MTJ with 2.1 nm thick
barrier. Each point is an average of five individual measurements, and the
error bars represent the standard deviation. The data were taken in the anti-
parallel magnetization state.
FIG. 5. Color online Differential resistance dV/dI −V spectra for parallel
and antiparallel magnetization states measured at 12.5 K fora BAF-MTJ
and b TAF-MTJ. The barrier thickness was 1.8 nm.
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ing the layer stack. This indicates that the asymmetries of the
transport properties and of the breakdown voltage with re-
spect to the bias voltage polarity have different origins.
Before possible origins for this different behavior are
discussed, the results of the inelastic tunneling spectroscopy
shall be presented. Figure6 shows the d2I /dV2 −V spectra
for BAF-MTJ and TAF-MTJ in parallel and antiparallel
states. The peaks around zero biasA, A , B, and B can be
attributed to magnon excitation at the barrier-electrode inter-
face and their energy positions can be interpreted as energy
with maximum probability for magnon excitation.14 Usually
the intensity of these peaks in the antiparallel state is larger
than in parallel state; this holds for BAF-MTJ as well as for
TAF-MTJ, indicating stronger magnon excitation in the an-
tiparallel state. However, there is a striking difference be-
tween the IETS spectra of both systems: both in parallel and
antiparallel configurations, the intensities of the magnon
peaks are much weaker for TAF-MTJ than for BAF- MTJ,
indicating that the magnon excitation is stronger in BAF-
MTJ. This is further supported by the weaker temperature
dependence of the TMR for TAF-MTJ, as shown in Fig. 7.
More information on the TMR temperature dependence of
our MgO based MTJs can be found in Ref.15. With respect
to the generally higher breakdown voltages for TAF-MTJs,
we like to emphasize the correlation with the generally
weaker magnon excitation for this junction type, whether the
scattering events leading to magnon excitation do directly
influence the breakdown processwhich is certainly not in-
cluded in the E-model or whether both effects resulting
from the same structural differences between BAF-MTJ and
TAF-MTJ require further systematic studies of both break-
down and inelastic transport properties.
In the following, the structural properties of the samples,
especially differences between TAF-MTJ and BAF-MTJ,
shall be discussed with respect to the experimental results of
the breakdown and transport properties.
The first aspect results from a symmetry breaking be-
cause of the deposition process itself: the MgO barrier is
directly deposited on top of the lower Co–Fe–B electrode by
rf sputtering from a MgO target. Therefore, the surface of the
lower ferromagnetic electrode can be oxidized by oxygen
originating from the target.16,17 In contrast the interfacial Co–
Fe–B at the upper barrier-electrode interface cannot be oxi-
dized in this way. Accordingly, different oxygen concentra-
tions are expected for both interfaces. As mentioned above,
the dielectric breakdown is believed to be initialized by a
field-induced break of an atomic bond in the oxide. As dis-
cussed by McPherson and Mogul11 in detail for thin SiO2
films, oxygen vacancies are thought to dominate the break-
down process as precursors for the initial bond breakage.
Because it is not possible to determine the atomic arrange-
ment of cobalt, iron, boron, magnesium, and oxygen atoms
on an atomic level in our junctions, it is difficult to identify
the precursors for the breakdown. However, taking the dis-
cussion on SiO2 into account an influence of a small oxygen
distribution asymmetry in the barrier region on the break-
down process is very reasonable. Because this oxygen distri-
bution asymmetry must be expected for both TAF-MTJ and
BAF-MTJ, it is reasonable that the, in general, observed
higher breakdown voltages for positive bias compared to
negative bias result from the expected oxygen distribution
asymmetry.
The second aspect concerns the different stackings of
BAF-MTJs and TAF-MTJs, more precisely the location of
the Mn–Ir layer in the samples. A diffusion of Mn from the
antiferromagnetic layer to the electrode-barrier interface is
often observed in the annealed MTJse.g., reported for Co–
Fe–B/MgO/Co–Fe–B MTJs by Hayakawa et al.18 . For
FIG. 6. Color online a Inelastic electron tunnelingd2I /dV2 −V spectra
for BAF-MTJ and TAF-MTJ with 1.8 nm thick barrier in antiparallel mag-
netic state. b Inelastic electron tunneling d2I /dV2 −V spectra for both
systems in parallel magnetic states. The measurements were taken at 12.5 K,
and the junction size was 225 m2.
FIG. 7. Color online Typical normalized temperature dependence TMR for
BAF-MTJ and TAF-MTJ measured with 10 mV bias voltage. The data are
normalized to the TMR ratio at 20 K BAF-MTJ: 244% and TAF-MTJ:
216% .
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BAF-MTJ TAF-MTJ , the Mn is below the bottom electrode
above the top electrode. Because the bias polarity asymme-
try of the breakdown process does not change for TAF-MTJ
compared to BAF-MTJ, it is not likely that Mn diffusion is
the origin of the bias polarity asymmetry ofUBD . On the
other hand, the Mn diffusion to the barrier might be needed
to explain the asymmetry of the transport properties because
of the obvious correlation of this asymmetry and the location
of the Mn–Ir layer. Such an influence is reasonable because
Mn oxides have different gap energies compared to MgO
and, therefore, the formation of an asymmetric potential bar-
rier leading to asymmetric transport characteristics can be
expected.
As a third aspect regarding the structural properties of
our MTJs, we like to refer to the work by Yuasaet al.19 They
also observed an asymmetry in the TMR bias voltage depen-
dence measured at RT see Fig. 3 in Ref. 19 for epitaxial
Fe/MgO/Fe junctions and suggested that this results from
asymmetric structural defects such as dislocations at the in-
terface and lattice distortions in the Fe and MgO layers,
which was identified by cross-sectional transmission electron
microscopy see Fig. 1 in Ref. 18 . It can be expected that
this kind of structural defects are also present in our poly-
crystalline junctions. Because of the current lack of further
experimental investigations on the structural properties of
our junctions, e.g., by high resolution transmission electron
microscopy, we can only speculate if such defects show an
asymmetry with respect to the upper and the lower barrier-
electrode interface and if such an asymmetry reverses if we
compare BAF-MTJ with TAF-MTJ. However, from the ex-
perimentally found asymmetries of the transport and the di-
electric breakdown properties and their dependencies on the
stack sequence, it becomes clear that the details of the mi-
crostructure of our junctions responsible for the breakdown
and the transport properties of our junctions must have ac-
cording symmetry properties.
IV. CONCLUSION
The dielectric breakdown of Co–Fe–B/MgO/Co–Fe–B
MTJs showing a TMR of up to 174% at RT was investigated.
For one set of samples, BAF-MTJ, the bottom electrode was
magnetically hard Mn–Ir/Co–Fe–B ; in the other case, TAF-
MTJ, the hard Co–Fe–B/Ru/Co–Fe/Mn–Ir electrode was on
top of the barrier. In general, larger breakdown voltages were
observed, when the electrons tunnel from the bottom into the
top electrode and when the magnetic electrodes were aligned
antiparallel. The correlation to an expected asymmetric oxy-
gen distribution induced during the deposition process was
discussed. In contrast to this observation, the asymmetry of
the differential resistance for BAF-MTJ was reversed com-
pared to the results for TAF-MTJ suggesting that these prop-
erties have a different origin than the polarity dependence of
the breakdown voltage. They might be correlated with the
diffusion of Mn from the antiferromagnetic Mn–Ir layer to
the barrier during vacuum annealing. However, because of
the lack of highly resolving investigations of the structural
properties, other aspects such as an asymmetry of interfacial
defects e.g., dislocations and lattice distortionsmight be
important for the understanding of our results. This also
holds for a further interesting correlation between transport
and breakdown properties. Namely, the breakdown voltage
for a certain bias voltage polarity and magnetic alignment of
the electrode was generally smaller for BAF-MTJ compared
with TAF-MTJ, which was correlated with a stronger mag-
non excitation for the bottom pinned BAF-MTJs although
both sets of samples showed very similar area resistance
products and TMR amplitudes at RT.
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Elastic and inelastic conductance in Co-Fe-B/MgO/Co-Fe-B magnetic tunnel junctions
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A systematic analysis of the bias voltage and temperature dependence of the tunneling magnetoresistance
TMR in Co-Fe-B/MgO/Co-Fe-B magnetic tunnel junctions with barrier thicknesstB between 1.8 and 4.0 nm
has been performed. The resistance measured at low temperature in the parallel state shows the expected
exponential increase with increasing barrier thickness. The low-temperature TMR amplitude of about 300% is
quite similar for all MgO thicknesses. This is in accordance with microstructural investigations by transmission
electron microscopy, which do not give hints to a reduction in the barrier quality with increasing MgO
thickness. Both the junction resistance and TMR decrease with increasing temperature and bias voltage. In
general, the decrease is much stronger for thicker barriers, e.g., a decrease in the TMR by a factor of 13.4 from
293% at 15 K to 21.9% at 300 K was observed fortB =4.0 nm compared to a reduction by only a factor of 1.6
for tB =1.8 nm. This behavior can be described self-consistently for all barrier thicknesses within a model that
extends the magnon-assisted tunneling model by adding an inelastic, unpolarized tunneling contribution. Fur-
thermore we discuss our results in the framework of a recent model by Luet al. Phys. Rev. Lett. 102, 176801
2009 claiming that polarized hopping conductance becomes important for larger MgO thickness.
DOI: 10.1103/PhysRevB.82.064416 PACS number s : 85.30.Mn
I. INTRODUCTION
The tunnel magnetoresistanceTMR effect in magnetic
tunnel junctions MTJs has been the subject of intensive
research in both fundamental and applied physics. Investigat-
ing the TMR effect is very important for developing mag-
netic random access memory, magnetic sensors, and novel
programmable logic devices.1 This stimulated tremendous
activity in the experimental and theoretical investigation of
electronic, magnetic, and transport properties of MTJs. The
TMR effect in MTJs has been known from the experiment of
Julliere for almost 35 years.2 Basing on the pioneering work
by Parkin et al.,3 Yuasa et al.,4 and Djayaprawira et al.5
nowadays well-oriented 001 MgO-based MTJs show a
TMR ratio of more than 1000% at low temperature and
600% at room temperatureRT ,6,7 which accords with the-
oretical predictions basing on coherent tunneling.8,9 In this
type of junction the as-deposited Co-Fe-B electrodes are
amorphous. They recrystallize10,11 during a postannealing
process using the MgO as a template for forming a001
out-of-plane-oriented quasiepitaxial structure, which is cru-
cial for coherent tunneling processes. It is well know that the
diffusion of boron out of Co-Fe-B is necessary for proper
crystallization of the electrode.12,13 It has been reported in
literature that B diffusion in MgO during postannealing pro-
cess forms an intermediate MgBxOy oxide, where the B has
an oxidation state close to B3+.13–15 Localized electronic
states in the barrier may arise from these ionized boron spe-
cies or even from oxygen vacancies.16
In addition to direct spin-polarized tunneling through the
oxide, localized state LS in the barrier can lead to new
current channels such as resonant tunneling or inelastic hop-
ping via chains of localized states.17–19 Depending on the
barrier thickness, on the distribution of the electronic states
localized in space and energy and on the temperature and
bias voltage the relative contribution of these additional
channels to the total conductance of an MTJ may range from
negligible to dominant. With respect to the TMR amplitude it
is of special importance, whether new current channels are
spin conserving or not.
In this paper, we present a systematic study of the area
resistance RA product and the TMR in Co-Fe-B/MgO/Co-
Fe-B MTJs showing a maximal TMR of about 300% as a
function of temperature and bias voltage. We show that in
addition to direct spin-polarized and magnon-assisted tunnel-
ing dominating the transport for a barrier thickness of 1.8 nm
the relative contribution of inelastic, unpolarized hopping be-
comes much more important with increasing barrier thick-
ness. Our results will also be compared to results recently
published by Lu et al.14 on Co-Fe-B/MgO/Co-Fe-B MTJs
showing a maximal TMR of 136%.
II. EXPERIMENT
The MTJ stacks were prepared in a magnetron sputtering
system with a base pressure of 1 10−7 mbar. The layer
stack is Ta 5 /Ru 30 /Ta 10 /Ru 10 /Mn-Ir 12 /Co-Fe-
B 2.5 /MgO tB /Co-Fe-B 2.5 /Ta 5 /Ru 20 on top of ther-
mally oxidized 50 nm silicon 100 wafers, where the target
compositions of Mn-Ir and Co-Fe-B were Mn83Ir17 and
Co40Fe40B 20, respectively. The numbers in parenthesis repre-
sent the nominal thickness of each layer in nanometer. All
metallic layers were deposited by dc magnetron sputtering at
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an Ar pressure of 1.2 10−3 mbar. The MgO barrier was
deposited by rf magnetron sputtering at an Ar pressure of
2.4 10−2 mbar. Five wafers with different MgO thickness
tB were prepared tB =1.8, 2.1, 3.0, 4.0, and 5.0 nm . In
order to activate the exchange bias of the hard electrode and
the partial recrystallization of the electrodes the MTJs were
annealed at 350 °C in the presence of a magnetic field6.5
kOe in a vacuum furnace with a base pressure of 1
10−7 mbar. The junctions with a size of 15 15 and 20
20 m2 were patterned by laser lithography and ion-beam
etching. The transport properties of the MTJs were measured
using the conventional two-probe technique with constant dc
bias voltage in a closed cycle helium cryostatOxford Cryo
drive 1.5 with a temperature range of 13–330 K. We also
measured the dielectric stability of the MTJs at room tem-
perature by performing time-dependent voltage ramp
experiments.20,21 At the breakdown voltageUBD , the resis-
tance of the MTJ shows an abrupt decrease because a highly
conducting path is irreversibly produced.
The average values and statistical errors of the TMR am-
plitudes and area resistance products in the parallel state
measured at room temperature are 1735 % and
106 10 k m2 for tB =1.8 nm, 167 4 % and
323 18 k m2 for tB =2.1 nm, 73.2 4.0 % and
43.4 3.2 M m2 for tB =3.0 nm, and 22.5 2.3 % and
6.09 1.04 G m2 for tB =4.0 nm. The resistance of the
sample with 5.0 nm barrier thickness was just too highit
was estimated to be about 30 T m2 at low temperature
to perform reliable TMR measurements.
Structural analysis was carried out by using high-
resolution transmission electron microscopyHRTEM . The
HRTEM cross-sectional samples were prepared by conven-
tional focused ion-beam technique with a FEI NOVA
NANOLAB 600, which allows sample preparation out of
any desired region of our MTJs. The TEM work was done
using a Philips CM200-FEG-UT operated at an acceleration
voltage of 200 kV.22
III. RESULTS AND DISCUSSION
A. Transport properties
The resistance area product in the parallelantiparallel
magnetic state RAP RA AP and the TMR of typical MTJs
acquired at 15 and 300 K with a bias voltage of 5 mV are
listed in Table I . These MTJs will be analyzed in detail with
respect to their temperature and bias voltage dependence be-
low. Exemplary TMR loops for tB =1.8 and 4.0 nm measured
at 15 and 300 K are shown in Fig.1. The low-temperature
TMR is very similar for all barrier thicknesses but the TMR
temperature dependence becomes stronger with increasingtB
as can be seen in Fig.2 b : whereas for tB =1.8 nm the TMR
drops from 283% at 15 K to 177% at 300 K, a decrease from
293% down to 21.9% is observed fortB =4.0 nm. For tB
=3.0 nm an intermediate behavior303% at 15 K to 72.4%
at 300 K was found. With respect to the TMR temperature
dependence it is worth to note that the reduction in RA prod-
ucts for elevated temperature is always larger for antiparallel
than for parallel magnetic state: whereasR P is reduced by a
factor of 1.05 only for tB =1.8 nm between 15 and 300 K, it
goes down by a factor of about 12.4 fortB =4.0 nm in the
antiparallel state. The low-temperature bias voltage depen-
dence of TMR see Fig. 2 a shows the same trend as the
TMR temperature dependence, it becomes much stronger
with increasing barrier thickness. Particularly, for tB
=4.0 nm the TMR nearly vanishes for bias voltage V
500 mV.
Another hallmark for the junction quality is its dielectric
stability under voltage stress. The breakdown voltage listed
in Table II increases nearly linearly with barrier thickness as
it is expected by the E model.23 Therefore, the intrinsic di-
electric properties of the oxide are conserved at least up to
tB =5 nm. Finally, as expected the low-temperature RA prod-
uct depends exponentially on barrier thickness: by fitting the
logarithm of RAP with a linear function ln RA P tB =
+ tB , RA P given in m2 an exponential prefactor of
=6.1 0.2 nm−1 =0.2 0.6 was found which matches
quite well with the data of Yuasaet al.4 =6.41 nm−1 who
deposited their MgO barriers by electron-beam evaporation
instead of rf sputtering.
TABLE I. Typical RA P and RAAP products in the parallel and antiparallel magnetization state and the
corresponding TMR measured with a bias voltage of 5 mV at 15 K and 300 K, respectively.
tB
nm RA P @ 15 K RA AP @ 15 K
TMR @ 15 K
% RA P @ 300 K RA AP @ 300K
TMR @ 300K
%
1.8 110 k m2 421 k m2 283 105 k m2 291 k m2 177
2.1 346 k m2 1.34 M m2 287 312 k m2 843 k m2 170
3.0 77.2 M m2 311 M m2 303 44.5 M m2 76.7 M m2 72.4
4.0 27.5 G m2 108 G m2 293 7.13 G m2 8.69 G m2 21.9
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FIG. 1. Color online Typical dependence of the current on the
applied magnetic field acquired with 5 mV bias voltage measured at
15 and 300 K for tB =1.8 and 4.0 nm.
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B. Microstructural investigation
To understand the origin for the different bias voltage and
temperature dependences for different MgO thickness, mi-
crostructural investigations have been performed fortB =2.1
and 4.0 nm. The transmission electron micrographs of Figs.
3 a and3 c show a good morphology of the MTJ structures
with quite smooth interfaces in the overviews. The enlarged
HRTEM images in Figs. 3 b and 3 d indicate partial crys-
tallization of Co-Fe-B during the postannealing at 350 °C.24
The MgO tunnel barrier grown on the Co-Fe-B layer showed
a good crystalline structure. Moire fringes are observed that
point to growth in 5–20 nm sized epitaxial columns with
small tilting angles out of plane of the MgO001 -oriented
crystallites.25 The crystal lattice of the MgO can be clearly
identified from the lower interface up to the upper interface
for both samples. Therefore, the tunnel barrier and the
electrode-barrier interfaces of both junctions seem to be of
almost the same quality, which is in accordance with the
similar low-temperature/low bias voltage TMR amplitudes of
both sample and with the linear barrier thickness dependence
of the dielectric breakdown voltage.
C. Comparison of the experimental data with theoretical
models
The bias voltage and temperature dependence of the TMR
and the RA products shall now be compared to theoretical
models. Drewello et al.26 extended the magnon-assisted tun-
neling model developed by Zhanget al.27 by thermal smear-
ing and applied it successfully to MgO-based MTJs although
coherent tunneling is not explicitly taken into account in this
model. The motivation for the extension was the very general
experimental result, that the temperature dependence of the
resistance in the parallel state in MgO-based junction was so
small, that the thermal smearing cannot be assumed to be a
second-order process any more. This model is the starting
point for our data analysis here. The total conductance for a
given temperatureT and bias voltageV is described as a sum
of the contribution from direct elastic tunneling and from
magnon-assisted tunneling,
G V ,T = Gdir V ,T + Gmag V ,T , 1
where = AP , P describes the magnetic state of the MTJ,
Gdir V , T is the direct elastic tunneling conductance and
Gmag V , T is the magnon-assisted inelastic conductance. The
TMR amplitude is defined as TMR V , T = G P V , T
−GAP V , T /GAP V , T . Taking thermal smearing into ac-
count the temperature dependence of the total conductance in
the limit of zero bias is then given as
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FIG. 2. a Typical normalized bias voltage dependence of the
TMR for tB =1.8–4.0 nm measured at 15 K andb typical normal-
ized TMR temperature dependence measured with 5 mV bias
voltage.
TABLE II. Average breakdown voltage UBD including the sta-
tistical error, five MTJs for each barrier thickness measured at RT
in the parallel magnetization state of 225 m2 large MTJs for posi-
tive bias voltage and a ramp speed of 15 mV/s.
tB
nm
UBD
mV
69618.1 13
09911.2 15
58620.3 20
43430.4 22
42140.5 38
FIG. 3. Transmission electron micrographs of magnetic tunnel
junctions. a and c Low magnification image fortB =2.1 and 4.0
nm. b and d High resolution images fortB =2.1 and 4.0 nm.
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G 0,T = G 0,0
CT
sin CT
1 + Q ln kBT
E c
. 2
C characterizes the strength of the thermal smearing and is
related to the effective barrier thicknessd in Å and the
effective barrier height in eV by C =1.387 10−4d/ .
E c is the low-energy magnon cut-off energy. The parameter
is defined as P =2SkBT /E m and AP =2SkBT / E m for
the parallel and the antiparallel magnetic configuration, re-
spectively, with S being the spin parameter andE m being
related to the Curie temperatureTC E m=3kBTC / S+1 of
the ferromagnetic electrode. is the ratio of conductance in
both states =GAP 0 ,0 /G P 0 ,0 =R P 0 ,0 /RAP 0 ,0 . The
parameterQ describes the probability that magnons are in-
volved in the tunneling process, it directly depends on the
ratio of the squares of the transfer matrix elements for direct
Td and magnon-assisted transfer TJ : Q = Td 2/ TJ 2
+2S2 −1. The bias voltage dependence of the TMR in the
limit of zero temperature is given accordingly as
TMR V ,0 = TMR 0,0 − Q SeV
E m
RAP 0,0
R P 0,0
1
− . 3
As mentioned above the temperature and bias voltage depen-
dence becomes much stronger with increasing barrier thick-
ness. More precisely it was not possible to fit the data for
tB =2.1, 3.0, and 4.0 nm self-consistently by Eqs. 2 and 3
only. Therefore, we propose to take an additional unpolarized
conductanceGUP V , T hopping via localized states into
account, which will lead to very reasonable results. A similar
ansatz has been proposed by Shanget al.18 for Al-O-based
MTJs. For this, Eq. 1 is amended by an additional term,
G V ,T = Gdir V ,T + Gmag V ,T + GUP V ,T . 4
In contrast to the TMR it is obvious that the difference
G V , T between the total conductance in the parallel and in
the antiparallel state is not changed by this additional unpo-
larized term. In the limit of zero bias it is given by
G T =
CT
sin CT
G P 0,0 − GAP 0,0
+
2QSkB
E m
T G P 0,0 −
GAP 0,0
ln
kBT
E c
.
5
The self-consistent fitting procedure of our data will now be
described. Equation 5 was used to fit G 0 , T for all four
samples simultaneously under the constraint that the mea-
sured bias voltage dependence of the TMRaverage of data
for positive and negative bias voltagefor tB =1.8 nm is re-
produced best by Eq. 3 for this barrier thickness it is
known that the magnon-assisted tunneling model can nicely
explain the temperature and the bias voltage dependence of
the TMR, 26 see also Fig. 4 a . Because of the very similar
MgO-barrier interface quality in all junctions see Sec. III B
the low-energy cut-off energyE c is expected to be identical
for all samples. Furthermore,C is expected to show the men-
tioned linear dependence on the barrier thicknessd and can
therefore be rewritten asC =C d with C being identical
for all samples. Furthermore, we use individual values of
QS /E m for all samples to account for a possible thickness
dependence of this parameter describing the magnon-assisted
processes. The results of the self-consistent fits are summa-
rized in Table III .
The fits of Eq. 5 to the experimental G 0 , T data for
tB =1.8–4.0 nm are shown in the top panels of Figs.4 and5.
Please note that in contrast to the work by Lu.et al.14 all of
our samples show an decreasing G V , T with increasing
temperature, we will come back to this below. Finally, please
note that the extractedC value corresponds to a mean bar-
rier height of 4.1 eV which is close to the half of the MgO
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FIG. 4. Typical temperature dependence of G , the TMR, and
the resistance for a tB =1.8 nm and b 2.1 nm. The junction area
is 400 m2. The black solid lines are the fits of G according to
Eq. 5 and of R P ,AP according to Eq. 4 . The gray solid lines are
the resulting simulations according to Eq.2 , e.g., if only direct
and magnon-assisted tunneling would be taken into account.
TABLE III. Parameters for fitting G 0 , T by Eq. 5 under the
constraint that the bias voltage dependence of the TMR, described
by Eq. 3 , is reproduced best fortB =1.8 nm. Technically this was
achieved by fixing C to different values, fitting G 0 , T for all
four samplessimultaneouslyand finally checking if the correspond-
ing QS /E m value for tB =1.8 nm can reproduce the measured bias
voltage dependence of the TMR at low temperature. The best fit of
the bias voltage dependence fortB =1.8 nm and G 0 , T for all
samples was achieved for C =6.85 105 K −1 m−1. The corre-
sponding value for the low-energy cut-off energy wasE c
=0.16 0.15 meV.
tB
nm
QS /E m
eV−1
530.08.1 0.006
920.01.2 0.005
430.00.3 0.006
050.00.4 0.009
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band gap of 7.8 eV.28 This gives additional support for the
self-consistency of our model.
For tB =1.8 nm the fitting parameters given in TableIII
can be inserted in Eq. 2 to reproduce the total conductance
G P ,AP 0 , T in the parallel and the antiparallel state very well
see black lines in Fig. 4 a . This shows that direct spin-
polarized and magnon-assisted tunneling dominates the
transport for a barrier thickness of 1.8 nm. FortB 2.1 nm
the experimental data forG P ,AP 0 , T cannot be reproduced
in this way see gray lines Figs. 4 and 5 , an additional
temperature-dependent current contribution needs to be
taken into account now. Because the magnon-assisted tunnel-
ing model can self-consistently reproduce G for all
samples, this additional current contribution should be unpo-
larized. It can be calculated by subtractingG P ,AP 0 , T ac-
cording to Eq. 5 from the experimental data. As expected,
these differences are nearly identical for parallel and antipar-
allel alignment see Fig. 6 . In other words this is the justi-
fication for the extra termGUP V , T in Eq. 4 and the re-
sulting fits can very well reproduce the observed temperature
dependence of the TMR and the area resistance productssee
black lines in Figs. 4 and 5 . The relative contribution of
inelastic unpolarized hopping becomes much more important
with increasing barrier thickness, as obvious from Fig.6 d
showing the typical temperature dependence ofGUP 0 , T for
tB =2.1, 3.0, and 4.0 nm normalized byG P 15 K . This is
therefore the reason for the strong decrease in the TMR in
these MTJs. In summary, we have shown that the experimen-
tal data can be very well explained on the base of direct and
magnon-assisted tunneling with an extension by unpolarized
hopping conductance. Now we come back to the recent work
by Lu et al.14 They have suggested a spin-polarized exten-
sion of the inelastic hopping conductance to explain the tem-
perature dependence of the TMR in Co-Fe-B/MgO/Co-Fe-B
MTJs. Their main motivation for the assumption of spin-
polarized hopping conductance was the experimental obser-
vation that G T increased with increasing temperature for
MTJs with 4-nm-thick MgO barrier. We have also applied
this model to our data. Details of the procedure can be found
in the Appendix. The main results are, that although the
temperature-dependent TMR data could be reproduced for
all samples quite well, the fit quality for G 0 , T was worse
compared to the extended magnon-assisted tunneling model
discussed above. Especially, fortB =4.0 nm the fit showed a
significant deviation from the experimental data forT
240 K and, furthermore, the extracted spin-wave param-
eters were different for all samples. The latter would be in
contradiction to our microstructural investigations which
showed the same quality of the electrode barrier interface for
the different samples and, therefore, one would expect the
same magnetic interface properties for the different samples.
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Therefore our data cannot be described conclusively by the
model by Lu et al.14 Accordingly, the existence of such a
polarized conductance channel is not supported by our ex-
periments. On the other hand our model cannot explain the
data by Lu et al.14 because in general magnon-assisted tun-
neling reduces G with increasing temperature. The differ-
ence between the samples is not clear at the moment. Espe-
cially, differences in the interface quality may be present
because the maximal TMR amplitudes at low temperature
are different in the two studies. To decide, whether spin-
polarized inelastic hopping is of general importance for
MgO-based MTJs or not, further comparative studies by
other groups are required.
IV. CONCLUSION
We have investigated structural and transport properties of
Co-Fe-B/MgO/Co-Fe-B junctions with a barrier thickness of
up to 5 nm. HRTEM investigation on junction with barrier
thickness tB =2.1 and 4.0 nm showed a good crystalline qual-
ity of the MgO barrier and the electrode-barrier interface for
both junction in accordance with the similar low-temperature
TMR amplitudes, with the linear dependence of the dielectric
breakdown voltage on the barrier thickness and the expected
exponential increase in the resistance area product on the
barrier thickness. We have demonstrated that direct spin-
polarized and magnon-assisted tunneling can explain the bias
voltage and temperature-dependent transport properties for a
barrier thickness of 1.8 nm, for increasing barrier thickness
this model has been successfully extended by an unpolarized
current contribution. This additional unpolarized conduc-
tance can describe very well the very strong temperature de-
pendence of the TMR for MTJs with 4-nm-thick MgO bar-
rier, and we have not found any hints to spin-polarized
inelastic tunneling as observed by Luet al.14
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APPENDIX
In the following we describe the application of the model
by Lu et al.14 to our data. This model is based on the spin
conserving hopping transport through chains ofN-LSs. The
first step was to fit the conductance in the antiparallel state
by a function of the form
GAP 0,T = 0 +
N 2
Nmax
NTN−2/ N+1 . A1
The parameters N describing the contribution of hopping
via N localized states toGAP 0 , T were used as free param-
eters. For tB =1.8 and 2.1 nm the data could be fitted by
taking chains up toN=2 and N=3, respectively. For tB
=3.0 nm and 4.0 nm higher-order hopping chains were re-
quired: for this we have adopted the fitting procedure as Xu
et al.,17 i.e., first we restricted the fit to a temperature range
that could be fitted best by taking chains up toN=2 only into
account. Then the temperature range has been increased so
far that it can be best fitted by a function with one additional
term and so on. By doing this the data fortB =3.0 and 4.0 nm
in the entire temperature range up to 330 K were fitted with
a function containing terms up toN=6 and N=7, respec-
tively. Exemplary results for tB =1.8 and 4.0 nm are shown in
Figs. 7 c and 7 d . The according relative contributionWN
of different N-LS chains to the antiparallel conductance are
shown in Figs. 7 a and 7 b . Please note that resonant tun-
neling N=1 is expected to beT independent and can there-
fore not be distinguished from direct tunnelingN=0 . In
this sense the parameter 0 must be interpreted as an average
value for direct and resonant tunneling.
The expression for G 0 , T due to the activation of spin
conserving inelastic hopping through chains ofN localized
state at zero bias is given by
TABLE IV. Parameters for fitting G 0 , T of all samples simul-
taneously by Eqs. A2 and A3 . The best simultaneous fits were
achieved forC =4.0 105 K −1 m−1.
tB
nm P0 K −3/2
1.8 0.7658 0.0004 5.71 10−6 1.9 10−7
2.1 0.7681 0.0004 4.54 10−6 1.8 10−7
3.0 0.7799 0.0004 6.85 10−6 1.7 10−7
4.0 0.7796 0.0004 1.86 10−5 2.0 10−7
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FIG. 7. Color Temperature dependence of the tunnel conduc-
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G 0,T = 0
CT
sin CT
TMR 0 +
N 1
Nmax
NTN−2/ N+1 TMR N,T
A2
and the TMR N , T assigned to a different variety of chains
is given as
TMR N,T =
1 + P 2 N + 1 − P 2 N
2 1 − P2 N
− 1 A3
with N =1/N+1 and aT-dependent effective spin polariza-
tion P =P0 1− T3/2 , is the spin-wave parameter related to
the interfacial Curie temperature andP0 is the effective spin
polarization at T =0 K. The total temperature dependent
TMR T is then given as the sum of TMRN , T weighted by
their fractional contributionWN,
TMR T =
N
WN T TMR N,T . A4
Then we fitted the data of all four samples simultaneously by
using Eqs. A2 and A3 , whereas the spin-wave parameters
and the polarizationsP0 were considered as free param-
eters, and the thermal smearing was taken into account by
C =C d with keeping C identical for all samples. The
resulting parameters fortB =1.8–4.0 nm are given in Table
IV , Fig. 8 shows exemplary results for sample A and D.
Although the fitting parameters in TableIV can reproduce
the temperature-dependent TMR data for all four samples
quite well, the fit quality for G 0 , T was not in all cases as
satisfying as by fitting the data by the extended magnon-
assisted tunneling model see Sec. III C . Particularly, for
tB =4.0 nm the fit showed a rising trend of G 0 , T for T
240 K. Second, the spin-wave parameters being related
to the temperature dependence of the interfacial magnetiza-
tion and polarization seemed to be different for all samples.
But this would be in contradiction to our microstructural
investigations which showed the same quality of the elec-
trode barrier interface for junctions with thin and thick
barriers.
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